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PRECEDING PAGE DLANK NOT FILMED
Preface

The main impetus for writing this study was the fact that so far
no publication exists either in Czech or in other languages which
discusses comprehensively and in sufficient breadth all methods
used to study fluid flows which can optically record the image of
the properties of the flowfieldand their development.

The majority of the methods that were mentioned belong to
the group of experimental procedures called "flow visualization"
("making visible"). This nomenclature, especially the Czech
term "making visible," no longer adequately describes their
possibilities. It does not take into account the fact that when
these methods are used, not only the image, the flow visualiza-
tion, but quantitative data are required on an ever increasing
scale, unlike in the first applications. In foreign languages,
the term "visualization" (flow visualization, "visualitsatsiya
potokov," "visualisation des 6coulements") is used, whose meaning
also includes the quantitative possibilities of the above-
mentioned methods. In this book, we will use the term visualiza-
tion as the basic term, and along with it the not altogether
appropriate Czech synonym "making visible."

The extent, use and significance of visualization methods have
increased to such an extent that the methods which are subsumed
under the term "flow visualization" are treated as an independent
field in the experimental mechanics of fluids. The need for and
importance of these methods was also appreciated by the members
of the American Society of Mechanical Engineers who organized,
in 1960 in New York, a symposium on flow visualization. The
hundreds of literature sources in which the use of these methods
is mentioned also attest to their importance.

Flow visualization methods are extremely important auxiliaries
in the experimental mechanics of fluids and recently became in-
dispensible in the study of complex flow cases. The results
that can be obtained with the aid of these methods are discussed
in the introduction. The significance of these methods is that
they help to clarify the physical basis of processes which occur
in various flow cases and thus facilitate the setting up of a
physical model which is a good approximation of the real process
and the required basis for a theoretical analysis. The importance
of these methods in machine building, agricultural and health
technology follows from the above. In these fields many problems
exist which are connected with the flow of fluids which cannot
be solved without using flow visualization. Examples of these
problems are the design of new pipes forwater, steam and gas
turbines, combustion chambers in steam generators and engines,
parts of airplanes, ships and rockets, pneumatic and hydraulic
haulage, separation of particles with different densities,
capillary lifts of fluids in porous substances, heating, venti-
lation, cooling, preparation of spray aerosols and the motion of
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their particles in the atmosphere, the flow of underground water,
the activity of protective wind belts, etc. The theoretical
solution of problems in the fields that were mentioned is ex-
tremely difficult or practically impossible in most cases, so
that designers must rely on many years of experience and techni-
cal intuition. Using flow visualization, they will be able to
grasp the problem in greater depth and to obtain new bases for
the design and thus improve the technical level of their work.
Many films which record the flow in various technical and,
elementary cases with the aid of visualization methods were
made abroad for this purpose.

The book was written for technical and scientific workers
engaged in the field of flows and in many other fieldsin which
problems connected with the flow of fluids occur, examples of
which were given in the previous paragraph. The purpose of the
book is to acquaint workers in these fields with all known flow
visualization methods, to enable them to select the appropriate
visualization method,and to provide the basic directivesfor its
use. Naturally, the book can also be used for instruction pur-
poses, especially to conceptually acquaint the students with
the basic images which occur in flows around bodies.

The book was written as a reference monograph, on a level
which makes the theoretical part accessible to workers with a
university education, i.e. to the higher level technical and
scientific staff. However, it can also be understood by lower
grade technical workers provided they are interested in their
field and continue their education in it. The remaining parts of
the bookwhich are technical directives for the assembly of
measuring devices and their use,can be understood by all techni-
cal workers.

Writing the book, I used the available literature sources and
my own laboratory work and studies.

The standard arrangement and numbering system will hopefully
ensure good referencing. The book is divided into three parts,
numbered 1, 2 and 3. The parts are divided into sections,
referred to by two numbers (for example, 2.1 is the first section
in Part 2); whenever necessary the sections are divided into
chapters referred to by three numbers (for example, 3.2.1 is
the first chapter in Section 3.2), and, as needed, letters
are used to denote further subdivisions within chapters. The
methods discussed in individual parts, sections or chapters of
the book are concisely referred to by the same number as the
corresponding part, section or chapter (for example, by the methods
in group 3 we shall mean concisely the methods described in Part 3,
the methods in group 3.2.6 are the methods described in Chapter
3.2.6, etc.). The equations in the entire book are numbered
sequentially. The bibliographical references are arranged
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on the basis of the subjects in conformity with the contents of
individual chapters.

With regard to individual methods or groups of methods, first,
the principle of the method is always discussed briefly with a
subsequent analysis of its physical basis and the requirements
on assembling the necessary equipment. Finally, the information
necessary for the technical application of the method and a
brief evaluation of the method are given. Generally, some con-
crete cases of its use are given as examples for each method.
The reader is referred to literature sources for other applications
published in the specialized literature. To provide the reader
with an extensive base, the bibliographical references are very
detailed and contain, in my opinion, all important special studies
from the world literature dealing with the subject discussed.
In all other respects, the emphasis is on generality in intro-
ducing the information, since this will enable the technical
worker to apply the knowledge gained on the widest scale and
most creatively and propose the most suitable equipment for the
given case.

Finally, I would like to thank Prof. Engineer Dr. Rudolf
Peskov, Doctor of Science, associate member, Czechoslovak
Academy of Sciences, and Prof. Engineer Dr. Vaclav Smolar,
Doctor of Science, for their interest in this book and for their
valuable comments. My thanks are also due to
Jan Chlumsky to whom I am grateful for his help in preparing the
manuscript for publication. Thanks are also due to Josef
Kadrmas for his help in preparing the illustrations.
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FLOW VISUALIZATION: OPTICAL METHODS OF ANALYZING FLUID FLOWS

R. Reznidek

0. Introduction /1*

By flow visualization we mean optical methods used to
analyze the flow of fluids which make it possible to obtain an
optical recording, the image of the properties of the flow field.
This is a field in the experimental mechanics of flows, whose
goal is to obtain optically, in a short time intervalidata which
are used as the basis for determining the different characteristics
of flows in a chosen region.

The significance of the various flow visualization methods is
that they provide an image of the flow on the basis of which it
is possible to form primarily a qualitative opinion about the
manner of flow. Further, these methods help to clarify the
physical basis of processes occurring in various cases of flow
and thus facilitate the setting up of a physical model for the
process which is a good approximation of the real process and the
necessary basis for a theoretical analysis. In many cases
visualization methods can be used to obtain quantitative data
directly, without influencing the flow in most cases by foreign
bodies, for example, measuring sensors. For example, if a motion
picture camera is used to record changing processes during vis-
ualization,the results are free of the inaccuracies resulting
from the inertia of the measuring instruments. Finally, some
visualization methods are very important for instruction and
pedagogical purposes.

A brief summary of the results which can be obtained by
means of visualization will best illustrate the significance and
importance of this field. Visualization methods make it possible
to determine:

the velocity field,
the image of the flow around bodies,
the shape of the streamlines,
the velocity profiles,
the downwash angle of the flow past the streamlined body,
the circulation value,
the wake and whirling regions and the manner of the flow in

them,
the mechanism for the formation of vortices, their type and
properties,

* Numbers in the margin indicate pagination in the foreign text.



laminar flow regions,
the boundaries or transition zones of the boundary layer,
the separation of the laminar and turbulent boundary layers,
the reverse flow in the boundary layer,
the thickness of the boundary layer,
the direction, type, position and motion of shock and pres- /12

sure waves,
the pressure distribution on the surface of the streamlined

body,
the mixing behavior during the flow.

Visualization methods are mostly used to study various cases
of two-dimensional flows. Sometimes these methods can also be
used to study three-dimensional flows.

The flow medium, the fluid, which is either a liquid or a
gas,can be considered as a continuous medium, a continuum, whose
individual parts are small (we will call such small parts the
particles of the fluid),which have the same physical properties
as the entire medium, so that their motion or clusters cannot be
recorded in most cases by the naked eye. This can be overcome
by means of visualization methods which we will classify into
three basic groups (groups 1, 2 and 3). The methods in group 1
are based on observing particles introduced into the fluid
flow where the particles have different properties than the fluid.
The methods in group 2 use coatings which are applied to the
surface of the streamlined body. The methods in group 3 take
advantage of the natural changes in the optical properties of
the fluid which arise during the flow.
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1. Methods Based on the Introduction of Particles into the Fluid /13
Flow Where These Particles Have Different Properties Than
the Flow

1.0. Basic Considerations

In the methods from this group, visualization is achieved
with the aid of particles whose properties are different from
those of the fluid flow, which are introduced into the flow either
from the outside or are obtained by artificially changing the
properties of some particles of the fluid flow. These particles
may be in any state (gaseous, liquid, solid), and their dimensions,
shape, density (specific mass), and concentration must be
selected in different cases so that they follow the local direc-
tion of the flow,and gravity or inertia do not have a great
effect on their motion, so that when they are present in the flow
the basic character of the flow is not changed.

The particlesmay form in the fluid ei.ther a continuous trail, a
a continuous region, or a -system o-f trails, or they can be intro-
duced into- the flow individually in a particular geometric con-
figuration and in equal time intervals or randomly in time or pos-
sibly also without any geometric configurations.

When the fluid flow is illuminated, these particles are
visible as a result of absorption, scatter, reflection, or light
refraction, and their motion can be observed either by the naked
eye or with the aid of optical equipment which raises the
observation sensitivity. For various purposes the recording
can be obtained with the aid of a camera or any ordinary or high-
speed motion picture camera. Stereoscopic photographs, strobo-
scopic records and high-speed snapshots can also be obtained.

During visualization with the aid of particles, images of
the particle trajectories are obtained most frequently. If we
chose the size and density of the visualization particles appro-
priately, we will determine with a certain accuracy the trajectory
of the particles of the fluid. The trajectory of one particle
can be recorded, for example, by a motion picture camera, or
for a sufficiently long exposure time,with the aid of a camera.
If interrupted illumination is used, it is possible to determine
from the length of the tracks (trajectory sectors) the velocity
of the particle, provided we know the frequency with which the
light is interrupted.

Besides the trajectories, the streamlinesmust be determined,
which are, by definition, the vector lines of the velocity field.
This means that the streamlineis the line at each point of which
at the given instant the velocity has the direction of its
tangent. If we are dealing with a stationary flow, i.e. a
steady-state flow over time,the shape of the streamline does not /14
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vary with time and the streamlines are identical with the
trajectories of the particles of the fluid. On the other hand,
during nonstationary flow, the above statement is not valid ex-
cept in some special cases. During nonstationary flow, we
obtain, for example, the streamlines by connecting the tracks
(small trajectory sectors) of a large number of particles. How-
ever, the tracks must be recorded simultaneously, for example,
by means of photography with a short exposure time.

To prove the above statement that during stationary flow
the streamlines coincide with the trajectories we use the dif-
ferential equation of the streamline

VXS 0(1)

In this equation

v = v(x, y, z, t)
(2)

is the velocity of the particle at the instant t at the point
with coordinates x, y, z and 6S is an elementary sector of the
streamline which passes through this point at the instant t. The
zero magnitude ofche vector cross product v x 6s expresses the fact
that the direction of the velocity v is the same as the direc-
tion of the tangent of the streamline. In the proof which will
be presented, we will assume that the vector function v(x,y,z,t)
which expresses the velocity vector as a function of the coordi-
nates and time is known, which is equivalent to knowing the
three scalar functions

, Z 0. ,(3), -- Xc.y,z t),

which express the velocity components of v as a function of the
coordinates and time. In the case of stationary flow, the right
members of equation (2) and (3) do not involve the time t.

From the vector differential equation (1) we obtain a system
of two equations:
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in which 6x, Sy, 6z are components of the vector 6s, where we
assumed tacitly, without loss of generality, that vx, Vy and vz are
different from zero. Now if we denote the derivatives
with respect to the variable x by primes (i.e. 'y/x y',6z/6x E z'), it is clear that equations (4) are a system of two
differential equations

= i(xy, ,t, (= Y,, ,y,,t),' (5)

where

', , t)
l ' (X. Y, z, Vx(X , , t)

are, by hypothesis, known functions. In equations (5) the time t
is a parameter, so that they will be solved for a fixed arbi-
trarily chosen t. To obtain the solution means to determine
y, z, which are unknown functions of the variable x and the
parameter t in equations(5). We will obtain the general solution
in implicit form:

. ,, tC . - . (X.Y, , t"C,,C 2)- , (6)

where Cl, C2 are integration constants.

If we want to determine concretely the streamlinewhich,at
the chosen instant t = t0,passes through the point with coordi-nates x0, y0 , z0, we first set in (6) t = to, x = xg, y = y0 , and
z = z0 , and calculate the constants Cl, C2 from the two equations /15that were obtained. Generally, their values will depend on the
chosen initial conditions, i.e.

C1  C1( -o, o), C I: Ct (xo, ,. " 0, io

We then substitute the calculated values in (6) for C1 , C2 and
set t = tO and leave x, y, z expressed in general form. Each of
the equations obtained:

91 (x, y, z, to, C1, C2) = 0, g (x, y, z, t o, C, C,2) = 0 (7)
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describes a plane. The unknown streamline is determined as the
intersection of two planes.

In the case of a stationary flow, the time t, or its chosen
value t0,is eliminated from all previous relations. In particular,
the two planes described by equations (7) will not depend on
t0 ; hence, their intersection will also not depend on t0,and
the streamline passing through the point with the arbitrarily
selected coordinates xo, y0 , z0 will not change its shape with time.

With regard to the trajectories of the particles of the fluid,
we obtain them from the three equations which define the velocity
components of v:

dx dy dz

Sdt' dt' dt (8)

Here dx, dy, dz are the components of an elementary sector ds
of the trajectory of a particle of the fluid. If we denote the
derivatives with respect to time by a dot (i.e. dx/dt E x,
dy/dt m -, dz/dt ' ) and substitute for vx, vy, vz the functions
in the right members of equations (3) which are assumed to be
known, equations (8) become the system of three differential
equations:

x '= v(x, y, t), 0 = v(x, y, zt), = C(, y, z, t),

(9)

in which x, y, z are unknown functions of time t.

Generally the solution of this system is obtained in im-
plicit form:

Ti(x, Y, z, t, C1, C2, C3) = 0,

T,(x, y, z, t, C1, C2, CO) = 0, (10)

T3(x, y, z, t, C ,, C 3) = 0,

where Cl, C2, C3 are integration constants which are determined
from the initial condition that, at the instant t = to, the particle is
at the point with coordinates x0, y0 , z0, i.e. the values of the
constants Cl, C2 , C3 generally depend on the initial conditions:

C, = C,(xo, Yo, z 0 , t0), C, = C,(xo, Yo, o, to), C3 = C3(xo, Yo, o, to).
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Eliminating from equations (10) the time t, we obtain the two
equations:

'lP1(x Y, z, C 2, C , C ,) = 0, ,(x,y,z, Ci, CO, C)=O ,

(12)

each of which describes a plane. The unknown trajectory is the
intersection of these planes.

We note that the planes (12) are independent of t, but do
depend, because of the relations (11), on tO. Only in a sta-
tionary flow when the right members of equations (9) do not
involve the variable t, t and tO are also eliminated in the
general case from the relations (10), (11), and (12), so that the
shape of the trajectory will be independent of time, and all
particles which pass through the point with coordinates x0, y0, z0
(at any instant) will have the same trajectory.

Having analyzed the question of the streamlinesand of the /16
trajectories in complete generality, we will finally prove that they
are identical in a stationary flow. It suffices to know that, if the
right members of equations (3) do not involve the variable t, we
obtain for the flow lines instead of (5), the system of equations:

, F, (x, y,z), z' = 1'(x y. z), (13)

in which

£F :,(x.: ,z) -- v(x, z y, )v ,y.z)
! ( yz) Y Zv1(, y, z) (

are known functions. Next, when the trajectories are determined,
the time t need not be eliminated from relations (10),but can
already be eliminated from equations (9) through division. Since

d ! d Z

i dt d(tb dt d:

dx dc x dx dx '
dt dt

we obtain, using the notation introduced for relations (14), a
system of differential equations for the trajectories
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! , x. . = F,(x, y,:. (15)

which is identical to the system (13) used to determine the stream-
lines. This proves that in a stationary flow, the tra-
jectories and the flow lines are identical.

The criteria for the selection of the type of visualization
particles in a concrete case are based on the equation of motion
of;these particles in the fluid flow. When we derive this equation
below, we will use the following notation:

m = mass
p = density of visualization particle
V = volume
d = characteristic linear dimension of visualization par-

ticle in direction perpendicular to its relative
velocity u with respect to the surrounding medium (when
the particle is spherical d is its diameter)

p = pressure

p'= density of fluid
v = kinematic viscosity coefficient
g = acceleration due to gravity.

We will associate with the acceleration aand the velocityvthe
subscript P or T depending on whether the magnitude refers to
the visualization particle P or a particle of the fluid flow T.
Consequently,

U VP - VT

will denote the relative velocity of the visualization particle P
with respect to the surrounding medium T. The magnitude of the
relative velocity u will be denoted by u.

The following forces are acting on the particle P in the
fluid flow:

1. its weight G:

(16)

2. the resultant F of the pressure forces exerted by the /17surrounding fluid on the particle P:.

1 In a fluid at rest the force F is identical with the so-called
upward pressure, known from the Law of Archimedes.

8



F = -V grad p, (7)

3. the hydrodynamic force H:

H= - -- u, (18)

where the function f takes on only positive values. The argument
of the function f is dimensionless, it is the so-called Reynolds
number Re E ud/v,and the value of the function f is dimensionless,
so that here the function f is a coefficient which varies in
accordance with the Reynolds number.

According to Newton's Second Law we have:

G F H = map. (19)

When we rearrange this equation so that the right member is zero,
we have, in the left member, the expression -map, which is often calledinertia. After substitution of the relations (16), (17),(18) and division
by the expression -V, the equation of motion (19) for the par-
ticle P in the fluid flow will take on the form

d /vu= (20)

On the other hand, for a particle T of the fluid,we obtain
analogously the equation of motion

'ar - o'g grad p 0 . (21)

Subtracting this equation from the previous equation we obtain,
after modification, the relation

U Iud\a a = / -- u + (a -')g. (22)
oap -oaT = -U

The equations that were presented can often be simplified.
Thus, when the relative velocity U = Vp - VT is sufficiently small, the
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hydrodynamic force H is directly proportional to the relative
velocity U, so that we can write, instead of (18)

H = -mKu, (23)

where K is a coefficient whose dimension is s-1, which is always
positive and depends on the viscosity of the fluid, the shape and
dimensions of the particle P. Using this expression instead of
equation (18), we obtain, instead of (22), the equation

ap - 'aT = - QKu - (Q - ')g. (24)

In the study of fluid flows it is always possible to find /18
visualization particles whose density p is approximately equal to
the density of the fluid p'. For p = p', the previous equation
becomes

ap - a = - Ku,

i.e., the equation

du = -Ku.
dt

which has the solution

u=ue-KU = Uo -Kt

where u0 is the relative velocity at time t = 0 and K > 0 as was
already mentioned. When uO is small, which must be assumed since
the original relations (23) and (24) are only valid for small
relative velocities, the relative velocity u decreases exponen-
tially with time for p = p' , so that Vp vT and the trajectories
of the visualization particles P which satisfy the condition
p = p' almost do not differ from thetrajectories of the particles
of the fluid. For example, for a spherical visualization particle
P with diameter d = 1 0

- 4 m in water at a temperature of 180 C we
find, with the aid of the well known Stokes formula, that
K = 1800 s-l, so that in this case, when the density of the
particles is approximately equal to the density of water,the ratiou/u 0 drops already in approximately 2.5.10-3 sec to the value
0.01 = 1%.
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If solid particles are used to visualize the flow of
a gas, the possibility of a simplification follows from the fact
that the gas (fluid) has a much smaller density than the
visualization particles, so that the term p'g compared to the term
pg can be ignored in equation (22). Further, if we restrict
ourselves to the case of small relative velocities u, when the
velocities vp, vT are of the same order of magnitude and hence, the
accelerations ap, aT are also of the same order of magnitude, we
can also ignore the term p'aT compared to the term p4p. In
addition we can again use equation (23) instead of (18) as the
expression for the hydrodynamic force H. Finally, if the term
g can also be ignored relative to ap,we obtain the equation

ap = K(vT - VP),. (25)

which we write as two equations in the components, chosing the
axes in the direction of the tangent (the direction of vp) and
the principal normal to the trajectory of the particle P. After
division of the first equation by the velocity vp = dsp/dt,
where dsp is an element of length of the trajectory of the
particle P, we obtain

d c (v" Cos V - up)

(26)
Rp

where a is the angle subtended by the vectors vp, v.T,and Rp is
the radius of curvature of the trajectory at the point under con- /19
sideration. Using the notation

v-v

=P i(27)

the equationscan be modified to

(1 - 2) cos += 1 d '

I ?(28)

(1 - 2) sinx --
K R11
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Among the quantities which occur in the relations that have just
been derived, vp, Rp and dYp/dsp can be measured from photographs.
The magnitude of the velocity Vp of the visualization particle is
easily determined from the photograph when interrupted illumina-
tion is used with a known frequency. Physically, dvp/dsp is the
change in the magnitude of the velocity vp of the particle P during a
displacement of unit length along the trajectory. With regard to the constant
K of the given visualization particles in the given gas, it
can be determined by an independent experiment in which we observe
the motion of the visualization particles (powder) in a very slow.rising
vertical gas flow or the velocity at which they drop in a gas
at rest.

When the values Rp, vp, dvp/dsp and K are known, we can cal-
culate the values of the parametersa and A, which characterize
the visualization fidelity of the flow of the gas under consider-
ation from equations (28), since a is the angle of error of
the trajectory of the visualization particle P and the trajectory
of the gas (flow) particle T, which, in the absence of the particle
P, was at the same point. According to (27) A is the relative
difference inthemagnitudes of their velocities at this point.
Visualization fidelity will clearly be achieved if the values of
a and llare small. For small a andl A equations (28) can be
simplified:

K dvp

Sds,(29)

-K I
where a is in radians.

It should also be emphasized that the values of a, X refer
to the given point in the flow field, so that to evaluate the
visualization fidelity in the entire flow region under considera-
tion,it is necessary to determine (for the known K) Rp, vp,
dvp/dsp at a sufficient number of points in this region,and thus
find both for a and A the interval of their values. For example,
for K = 50,000 sec- 1 , which corresponds to very fine aluminum /20
power in air and for vp < 100 m/sec, Rp > 8.10-2 m andSdvp/dspl < 500 sec-1, we obtain: a < 1.50, IX! < 0.01 = 1%.
On the basis of the required accuracy ofrthe results we must decide
whether the visualization fidelity achieved is acceptable. If
it is not acceptable, i.e. if we require that the limitingvalues
for a and lAX be smaller than the values that we obtained, equa-
tions (28) or (29) together with the intervals of values for
Rp, vp, dvp/dsp can be used to determine the required K, i.e.
they can be used as a guide to find more appropriate visualization
particles (powder) [98, 112].
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1.1. Use of Methods from Group 1 for the Visualization of Fluid
Flows

1.1.1. Methods Based on the Use of Particles Forming Continuous
Trails or Relatively Large Continuous Regions
(The use of various dyes. Use of chemical reactions with
color effects. Electrolytic method.)

Various fluids, especially dyes introduced into the flow by
thin tubes, nozzles, can be used to form colored trails. For
example, malachite green, methylene blue, with a bit of Bismark
blue, fuchsin, indigo, methylene violet, ponceau (bright red) or
any aniline dye, first mixed with a small amount of alcohol and
then with a sufficient amount of water can be used. Next, india
ink, ink, milk, an aqueous solution of potassium permanganate,
and oil dyed black by fat-free nigrisine can also be used. Oil
is particularly suitable for experiments in which it is necessary
to retain the trail on a longrelatively thin path, since, in comparison
with highly concentrated dyes, it diffuses much less in the medium
[1]. The density of the selected visualization fluid must first be
brought to the required value by mixing it with another fluid.
During the photography, visualization fluids which absorb the blue
end of the spectrum are advantageous, since the photographic
material is most sensitive at these wavelengths of light.

Electrolysis is also used to form trails [1, 27]. The
source for particles with different properties than those of the
fluid flow (electrolyte) in which these particles form trails is
the electrode (or several electrodes), which may also be part of
the model (the streamlined body). When the fluid flow is an
appropriate electrolyte (often ordinary water from the faucet
can be used) and the current circuit between this electrode and
the next electrode with opposite polarity is closed, the electrolysis
products on the electrode can be eliminated in the form of a gas,
whose small bubbles are carried by the fluid flow and form the
required trails,, or these products can acquire, as a result of /21
secondary reactions with the electrolyte, a color which is dif-
ferent from the color of the electrolyte, forming colored strips in
the electrolyte flow. Similar results can be achieved with
the aid of electrochemoluminescence (see below).

Similarly, the chemical reaction which manifests itself as
a change in the color of the fluid flow as a result of the
effect of light can be used [39, 40]. The original yellow-green
solution [39] acquires a blue color at the spot where it is
illuminated asa result of a light flash of high intensity. Thus
it is possible to obtain in the fluid flow regions (for example)
strips of different colors without disturbing the flow
by parts (tubes, wires, elctrodes) which in-
troduce the dye into the flow. For example, using this method
the development of the velocity profile above the streamlined
body can be well observed.
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Among the methods which use particles forming connected
regions in the fluid flow various methods for visualizing the
mixing processes (mixing) during the flow must also be mentioned.
These include primarily the use (of one or several) fluids of
different colors, which are introduced into the colored or color-
less fluid whose flow is being studied, which mix with each
other and with the fluid flow,forming color shades, which
characterize the manner in which they mix. For the same purpose,
various visualization fluids are used, in particular, dyes which
are introduced into the flow through a nozzle,which consider-
ably change the color when they react with an acid, a base or
an appropriate dissolved salt introduced with the aid of another
nozzle. Sometimes it is convenient if such a reaction
is relatively slow and occurs with a certain time lag whose
value can be influenced by choosing the reacting substances
so that a pronounced change in the color occurs only at a certain
distance from the place where the reacting substances mix [63].
Finally, if an analysis of mixingprocessesmust determine the
boundaries of turbulent mixed flow, it is advantageous to apply a
thick color coating to the surface of the streamlined body which
dissolves in the fluid flow around the body. The intensity of
its discoloration marks well the mixing boundaries.

A three-dimensional flow can also be studied with the aid
of trails of different colors which are introduced into the fluid
flow. Thus, if the fluid flows primarily in the direction of
the X axis, we introduce into the flow in several planes parallel
to the XY plane colored trails in such a way that the trails
introduced in the same plane have the same color and a different
color in each plane. These trails are deformed in the flow. When
the flow is three-dimensional, generally every trail acquires
the shape of a three-dimensional curve. If we take simultaneously
two colored photographs, one in the direction of the Y axis,and
the other in the direction of the Z axis, we can determine the
velocity field from the change in the shape of the trails. From
the first photograph we find the velocity components in the
XZ plane, and from the second, the components in the XY plane [33].

The experimental equipment for applying the methods that
were mentioned is extremely simple. It consists of a hydraulic
channel or tunnel or only of transparent pipes and of the
illuminating and recording equipment (camera, motion picture
camera). The design of a simple hydraulic channel is illustrated /22
in Fig. 2. The hydraulic channels which are usually used have
a closed circuit and their design and equipment are outlined in
Figs. 1, 3 and 4.

The requirements on the illumination when these methods are
used are also not particularly demanding. The light source used
are bulbs, arc lamps, and high performance discharge tubes. The
direction of the ray is usually perpendicular to the plane of
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flow (in a two-dimensional flow). It is desirable that the ob-
served field be uniformly illuminated with the aid of a condenser
and an appropriate reflector or a plane illuminating body. The
observation or recording are usually carried out on the look-
through part of the tunnel. which is opposite to the light source.
Hence, extinction (absorption and scattering) of the light by
visualization particles is used predominantly.

Fig. 1. Schematic diagram of hydraulic channel (1, 2,
3 -- pumps; 4 -- observation space with glass side
walls).

In some cases,
mainly when the electro-

- olytic method is used,
ordinary illumination

21 and the methods from
group 1.1.2 are used.
This illumination is /23
i3 llumination through a
slit, where the "plane"
of rays (the plane
pencil of rays) is
parallel to the plane
of the flow. The
observation or photo-
graphy direction is
perpendicular to the
plane of the flow.

Fig. 2. Schematic diagram of hydraulic
channel (1 -- motor; 2 -- bladed wheels; We will now give
3 -- observation space). a number of concrete

cases where the method
that were discussed

are applied. We will start with Reynolds' method for analyzing
the character of a flow in pipes [24]. In this case the /24
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Fig. 3. Schematic diagram of hydraulic channel
(1 -- motor; 2 -- pump; 3 -- observation space;
4-- reservoir).

visualization is used to determine the
transition from laminar flow to tur-
bulent flow, and quantitative data are
also obtained, for example, the critical
value of Reynolds number. Reynolds'
experimental equipment consists of a
vessel with the fluid in which the level
is held constant. A replaceable
measuring tube with a sleeve is inserted
in the vessel. The flow rate in the
tube is regulated by a cock. The dye
is brought from the small tank into
the tube with the aid of a thin nozzle.
In a laminar flow, the dye forms a
thin trail which does not mix with the
remaining fluid. In a turbulent flow,
the colored trail disappears, and the
dye spreads gradually into the entire
fluid flow. The results obtained are
shown in photographs 5 [5]. The
photographs of vortices formed during
flow around a cylinder and sphere were
obtained in a similar manner (Fig. 6)

Fig. 4. Hydraulic [10].
channel observation
space [10]. Another example which must not be /25

omitted is the so-called Hele-Shaw
analogy [25, 26] in which the flow of a
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viscous fluid between two
walls (plates) which are very
close is visualized. Using
the appropriate equipment,
very clear images of the flow

a are obtained,which are a very
good aid in teaching. How-
ever, originally this method
served as the analogy for a
two-dimensional steady-state
potential flow of an incom-
pressible fluid, which is
possible when the distance
between the plates is very
small and the fluid has a

.-- .. sufficiently high viscosity.
A sketch of the original
equipment is given in Fig. 7a.
The flow takes place between
two glass plates at a negli-
gible distance from each

-I - -i other, so that the viscosity
forces dominate considerably

d the inertial forces. The
distance between the plates
is ensured by a metallic
packing, and the plates are

Sc .- : pressed toward each other by
clamps. The section through
the body around which the flow
must be studied is cut out

- -" from a metallic sheet of
-: the same thickness as the

metallic packing and is
inserted between the glass
plates. Preferably,
the model and the glass plates /26
used in the experiment should be
assembled under the water so

Fig. 5. Photograph of colored that no air bubbles are leftFig. 5. Photograph of colored
trail duringReynolds experiment. The streamlines are visualized
Photographs 5 a through 5 f The streamlines are visualizedPhotographs 5 a through 5 f by the dye which is
show the transition from laminar by the dye which is
flow to turbulent flow [10]. introduced through severalopenings and can be observed

by the naked eye or they can
be photographed, or possibly

projected on a screen with the aid of a diascope. In the original
experiment, the fluid flow was glycerine (the distance between the
plates was 0.127 mm and the pressure needed for the glycerine
flow between them was 7-15 atm) and the dye used for the
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visualization was a mixture
of pyrogallol-carbonic acid
and iron monosulfide neutralized
with ammonia. However,
water can also be used with
good results, and a solution
of potassium permanganate
as the dye, which must be
filtered to prevent the
clogging of the inlet openings.
The pressure in the hori-
zontal pipes is adequate for
the flow of the water between
the plates, and the flow rate
can be regulated by a cock
at the water supply. The
potassium permanganate
solution is forced into the
flowing water by the small
overpressure which is obtained
by placing the vessel with
the solution at the appro-

d priate height. The equipment
that was described makes it
possible in addition to
visualizing the flow around
bodies of different shapes,
to also obtain the images
of the flow past a depression
and the source, by drilling
in one of the glass plates
a hole and letting in or pumping /27
out the fluid flow through
this hole. The wake region
can also be visualized dis-
tinctly with it, since in
this region in which the
fluid is at rest,the dye will

Fig. 6. Photograph of colored remain for a certain period
trail during the flow around a after the supply of the dye
cylinder (6 a to 6 e) and sphere was stopped so that the
(6 f) in a small hydraulic remaining fluid flow around
channel [10]. the analyzed model is no

longer discolored. See Fig. 8.

Another method of using colored trails to visualize the
flow around a delta wing and the vortices at the edges of a delta
wing (Figs. 9, 10) was applied in a hydraulic tunnel. The
dye used was milk which was introduced into the stream through
openings in the model whose surface was coated with a black dull
paint [29].
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To illustrate the
electrolytic method we
first mention the method
used by Wortmann [27],
which also provides

3 quantitative data during
laminar flow. In this

3 2 . method the cathode is
a tellurium wire, the
anode can be made from
any metal and the electro-
lyte is the water flow
(water from a pipe, i.e.

. ~ I water which is not
chemically pure). Ac-
cording to Wortmann,
after the current is
switched on, as a result
of superposition of a
number of physical-
chemical processes, the
ions are discharged from
the tellurium cathode
and then during the
secondary reactions are
converted into colloidal
elementary tellurium
(tellurium atoms) formingA A black clusters in the
water which descend at a
rate less than 10-4 m/sec,and

Fig. 7 a. Schematic diagram of whose diffusion rate7a. Schematic diagram of does not exceed 10-6 m/sec.
equipment according to Hele-Shaw does not exceed 10-6 m/sec.
(1. water supply; 2. colored fluid When the wire cathode is

inlet; 3. detail in colored fluid placed across the flow

outlet and seal). and covered with an
insulating coating which

was damaged in several equally spaced spots, black colloidal /28
tellurium clusters are formed during the passage of the current only
in the exposed spots, which are carried by the water flow forming black
trails in it. On the other hand, when the development of the
velocity profile is studied,it is more convenient if the colloidal
tellurium is formed along the entire cathode placed across the
flow in certain equal time intervals, which is achieved with
the aid of short current pulses whose duration is on the order
of 10-3 sec. During each pulse a thin black colloidal tellurium
trail is formed at the cathode which is transversal to the
direction of the flow , and the train of pulses forms a
sequence of such trails. The trails that are formed are carried
by the fluid flow and the change in their shape indicates the
development of the velocity profile (see Fig. 11 a, which shows
the flow at the bottom of a bent channel,and Fig. b on which,
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in addition to the velocity profile,
visualized by one trail, a part of

T, another trail formed earlier can be
seen at the bottom near the wall W).
An ordinary camera can be used for the
photography with an exposure time
greater than 2-10-3 sec,and for the
illumination a projector lamp with a
gas discharge tube.

Another useful electrolytic
method uses as the electrolyte a
treated aqueous solution of
thymol blue in a 0.01 weight % con-
centration [44]. The solution is
first mixed with a small amount of
sodium hydroxide, through which it
acquires a deep blue color, and then
hydrochloric acid is added until the /29
titration stop is exceeded and the
color of the solution changes from
blue to yellow. After the current is
turned on, the solution in the
immediate vicinity of the anode turns

simple apparatus for blue again, which can be used,
simple apparatus for

visualizing the flow analogously as in the Wortmann method,
visualizingto obtain colored trails in the
according to the Hele- The best

electrolyte stream. The bestShaw method. The
results were achieved with electrodes

reservoirs for both
fluids are attached to the made from platinum wires with a

top part of the apparatus. 0.05 mm diameter and a current in-
tensity of 5 mA. When the electrode

isThe observation space it is made from a wire mesh and placed /31is arranged so that it
can be inserted in the perpendicularly to the dominant

direction of the flow, the colored
projector instead of trails that are obtained can also be
the diapositive. It used to observe well a three-dimensionalis a product of the flow.
firm Phylatex,
German DemocraticGerman Democratic The method that was described isRepublic. only suitable for the study of flows

with very small velocities (up to
5 cm/sec), since at greater velocities

the colored trails are no longer distinct. The advantage of the
method is that the electrochemical reaction on the anode does
not lead to a change in specific gravity, so that that part
of the fluid which turned blue as a result of this reaction has
the same specific gravity as the original solution. This makes
it possible to visualize the spontaneous flow caused in the fluid
by the difference in the specific gravities which arise, for
example, as a result of nonuniform heating. The method, like
Wortmann's method, also provides quantitative data. Specifically,
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instead of a direct current,
current pulses can be used
in it and the local
velocities of the flow can
be obtained from the
photographs [44]. Yellow
or orange filters can be
used conveniently in the
photography and a sodium
discharge tube is suitable
for the illumination.

Fig. 12 can be used to
Fig. 8a. Photograph of flow around illustrate the electrolyticillustrate the electrolytica profile obtained using the methods, which shows theequipment in Fig. 7 a [5]. visualization trails formed

by the oxygen bubbles
obtained by water electro-
lysis [64].

Recently, as we al-
ready mentioned, electro-
chemoluminescence was also
used for visualizing the
flow [37, 38, 45]. When
this method is used, two
electrodes are immersed
in a specially prepared
solution [37]. When there
is a current between them,
a bluish glow appears on
the anode whose intensity

Fig. 8b. Photograph of a flow depends on the mass
around a profile obtained using transfer between the
the equipment in Fig. 7b [10]. electrolyte and the anode.

This glow reaches a dis-
tance which is smaller than

the thickness of the laminar boundary layer. When the voltage
is increased above a certain limiting value, it is detached
from the anode and it moves with the fluid flow. However, the
images that are formed are neither streamlines nor trajectories.
According to the arrangement in [37], this limiting value is
1.5 V. The method can be used, for example, to study flow around
bodies of various shapes at various Reynolds numbers and to
determine the boundary layer separation. The prepared anode
has the shape of the streamlined body and the best results were
achieved with a platinum or platinum-coated anode. The cathode /32
can be made, for example, from aluminum and it must be placed
near the anode in such a way that the flow of the solution is not
disturbed.
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Fig. 9. Flow around a delta wind in a hydraulic
channel. The dye used is milk introduced into the
flow through holes in the model. The surface of
the model is coated with dull black paint [29].

Fig. 10. Flow around a delta wing [29].

Finally, we will point out certain concrete possibilities of
visualizing mixing processes. These possibilities, as we already
mentioned, are furnished especially by the color effect which
accompanies the reaction of acids and bases with dyes. The
most appropriate dye is phenolphthalein, which, when it reacts

22



Fig. 11.

a) Development of velocity profile
of the flow at the bottom of
a bent channel.

b) Velocity profile above plane
plate. Visualization of local
velocity profiles obtained with
the aid of Wortmann's electrolytic
method [27].
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with an acid, gives a color-
less solution,and with a
base a reddish-violet solution.
By adding an acid in an
amount which is slightly
greater than that needed for
neutralization, this solution
can again be made colorless.
The change from the reddish-
violet basic solution to a
colorless solution will occur
practically instantaneously
due to the very high neutrali-
zation rate, so that the
mixing of the basic phenol-
phthalein solution with the
required amount of acid isFig. 12. Visualization trails indicated immediately by the

formed by hydrogen bubbles loss of color. Similarly,
obtained by water electrolysis. by adding an appropriate

amount of the base to the acidic
phenolphthalein solution, a
red-violet color can be ob-

tained. For example, if the fluid, whose flow is analyzed is a.color-
less solution of phenolphthalein with an acid and if the base is
introduced into the flow with the aid of a nozzle, red-violet
trails are formed which again disappear and become colorless at
a certain distance due to additional mixing with the acidic
solution flow. The place where the trails disappear can be
changed by introducing acid through another appropriately placed
nozzle. Similarly, many other dyes can be used like phenol-
phthalein. For example, metacresol red, thymol blue, orthoxylene
blue, which havea red color when mixed with an acid, and turn
yellow in a neutral solution when they react with a base the
first becomes purple and the other two turn blue. Sodium pyro-
sulfite with potassium iodide, sodium thiosulfate and starch
also turned out to be useful.

1.1.2. Methods Based on the Use of Particles Which Do Not Form
Continuous Trails or Relatively Large Continuous Regions
(The use of sawdust, metallic powder, oil drops and air
bubbles in the fluid. Spraying of the surface with
aluminum powder or lycopodium.)

When isolated particles are introduced into the flow to
visualize it, they must have in the fluid approximately the same
density as the fluid flow. For example, sawdust, small
mica particles and a fine metallic powders, for instance, aluminumpowder
are used. This powder is mixed with the fluid and on its
particles whose linear dimension is approximately 0.02 mm, air
bubles are intercepted, so that some of the dust particles rise
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in the fluid. Small solidified polystyrene drops or other arti-
ficiallresins are also used as well as tiny oil drops. The type
of oil must be selected taking into consideration the density of
the fluid into which the oil is introduced. The oil is intro- /33
duced into the fluid flow, for example, by means of capillary
nozzles with an internal diameter of 0.15 mm, or, if the model
moves in a quiescent fluid, the oil emulsion is mixed into the
fluid before the experiment. Besides oils, other fluids can be
used, for example, a mixture of carbon tetrachloride
with xylene, olive oil with nitrobenzene or ethylene dibromide
and carbon tetrachloride with benzene. Small air bubles which
can be introduced into the flow by means of the following two
methods are also useful: either the air is blown through small
openings into the vicinity of the streamlined body, or the water
flow enters the observation space from a closed reservoir where
a low air pressure is maintained by means of a vacuum pump, so
that it is saturated with very fine air bubbles released from
the water. Isolated bubble-particles can also be obtained using
the electrolytic method, either by an appropriate adjustment of
the current intensity,or with the aid of current pulses. Finally,
filament probes can also be used,which will be described in
Chapter 1.2.2.

Individual particles are frequently used, especially to
visualize the flow on the surface of the fluid. The surface of
the fluid is sprayed, for example, with balsa wood or aluminum pow-
der or possibly lycopodium. The fluid used to fill the trough
on channel is water and the condition for success is that it be
absolutely pure. During the motion of the model through the
originally quiescent fluid, the sprayed particles form
the image of the flow on its surface.

All methods discussed in group 1.1.2 give qualitative results
and were often used, mainly the last ones, for instruction pur-
poses. However, quantitative conclusions can also be drawn on
the basis of these methods. The required hydraulic experimental
equipment is basically the same as in the previous group 1.1.1.
It consists of a hydraulic channel or tunnel. Only in the
last method, the motion of the model inside the channel is used
more frequently.

With the exception of the last method that was mentioned, it
is most convenient to illuminate the observation space by a
plane pencil of rays emanating from the slit, since by changing
the position of the pencil across the stream also a three-
dimensional flow can be recorded, for example, the flow around
solids of revolution with the axis in the direction of the flow.
Such illumination is obtained with the aid of a slit diaphragm
mounted behind the condenser of the light source, or with the aid
of one or two illumination bodies in the shape of a prism or
cylinder which is 3-4 m long and blackened inside with a
0.5-1 mm wide slit on one base and with the high-intensity light source
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(bulb, arc lamp, discharge tube) on the opposite base. The ob-
servation direction or the axis of the camera or motion picture
camera is perpendicular to the plane of the light beam. The
arrangement is illustrated more clearly in Fig. 13.

In the illumination and observation methods that were just
described, advantage is taken of the light scattered on the
visualization particles. Therefore, tiny mica or aluminum powder
grains should not be introduced into the fluid when this method
is used, since they reflect the light,and the reflected light may
also illuminate particles which are outside the space illuminated
by the plane pencil of rays used. This, of course, leads to
incorrect conclusions when the recorded three-dimensional flow
is evaluated.

Naturally, the illumination, /34
observation and recording rmethods com-
monly used in the preceding group 1.1.1
can also be used,or slanted
illumination, when the axis of the
three-dimensional pencil of
parallel rays is neither perpendicular
nor parallel to the plane of flow,

------- and the light reflected from the vis-
ualization particles is used during
the observation or recording.

With regard to the last method
Fig. 13. Illumination and of visualizing the flow on the sur-
photography method. face of the fluid with the aid of

sprayed particles, the reflectors
illuminate the surface of the
fluid in the vicinity of the model

and move together with the model. In this case, the photographic
equipment or the motion picture camera usually moves along
with the model,while in the remaining methods in group 1.1.2,
the camera is usually fixed when the photographs are taken. The
situation is reversed in the case when we are not interested in
the state of the flow around the streamlined
body, but in the motion of a certain region of the fluid, for
example, in the study of vortices carried by the flow.

Quantitative data can also be obtained from photographic
records on the basis of the length and orientation of the track
of the visualization particle, the exposure time and the image
enlargement. For example, the velocity field is determined in
this way.

The first concrete case in which methods from this group
are used, which will be described in greater detail, is the
widely used visualization method with the aid of particles on the surface
of the water flow [51 through 58]. The equipment used for this
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purpose includes a trough (vessel) in the shape of a parallelopiped.
Rails are attached to the upper edges of the vessel for a
carriage driven by an electric motor. The camera or motion
picture camera is mounted on the top part of the carriage and the
bottom part of the carriage carries the model (Fig. 14 a, b) [58].
The visualization is achieved by spraying the water surface with
a fine powder. The best powder turned out to be lycopodium.
When the results obtained are evaluated, it must be assumed that
the water surface flows in the same manner as the other
layers which are paralell to the surface which are in contact with
the model, i.e. that the flow whose image is obtained is two-
dimensional. Absolute purity of the water will help to satisfy
this assumption.

The disadvantage of this method is that the velocity of motion
of the model must be limited, since at higher velocities
surface waves are formed around it. These waves are formed in an
undisturbed water flow at a velocity of 23.3 cm/sec,and,during
flow around a cylinder with a circular cross section, the maximum
admissible velocity is half this magnitude without taking into account
the diameter of the cylinder. For a cylinder with a 5 cm diameter,
the maximum attainable Reynolds number will have approximately /35
the value 5500. Since the critical value of the Reynolds number
during flow around a cylinder, depending on the degree of tur-
bulence and many other factors, is on the order of 105, we must
clearly restrict ourselves only to the subcritical (laminar)
flow region around the cylinder. Another disadvantage is the
capillary lift of the water on the walls of the tested model
caused by the surface tension,which prevents the particles from
arriving to the immediate vicinity of the model. This disad-
vantage can be eliminated by coating the model witha thin
paraffin layer.

The method that was described was used, among other
things, in the quantitative analysis of vortices formed behind
a cylinder moving in the fluid and the results that were ob-
tained servedas the basis for theoretical studies [57]. The
cylinder which was attached to the carriage was drawn through
the channel and the Karman vortex path formed behind the
cylinder was visualized by spraying the surface with aluminum
powder and photographed with two cameras placed above the channel
at different distances behind the cylinder, i.e. at different /36
distances in the direction of the flow. The photographs that
are obtained make it possible to determine from the length and
orientation of the particle tracks and from the visualization
scale and exposure time the magnitude and direction of the
velocity of the particles at each point, and also the vortex
development process. Assuming that the aluminum particles
complete the same motion during the observation time as the
particles on the surface of the fluid, we obtain the velocity
field of the flow. For an illustration, see Fig. 15 [57].
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The method can
be modified so that
instead of the fluid
(water) in the vessel
in which the height of the
surface layer from the
bottom is on the order of
several centimeters to
tens of centimeters, a
thin layer (film) of
a Pluid is used
which adheres to a
horizontal plane plate
and is sprayed with a
visualizing powder.
For Visual observation,
the fluid layer need
not move and the model
around which the flow is
studied is pulled along
the plate with the aid
of a sling (thread).
When photographs must
be taken we use the
arrangement in which
the plate is mounted on
the carriage and moves.
Together with it, the
fluid layer moves and
flows around the model
which is attached to
the fixed base, the
track of the carriage.
The camera is mounted
on the fixed base above

Fig. 14. a) Hydraulic bath with the model (Fig. 16).
carriage for the study of a flow around The method can also be

bodies based on visualizing the flow used to obtain a model /37
on the surface; b) Visualization of of a potential flow
flow around cylinder [58]. when the viscosity is

sufficiently high and
the thickness of the
fluid layer is suf-

ficiently small (see Fig. 17 a, which shows the flow of water
around a cylinder; the thickness of the water is approximately
1 mm, visualized by lycopodium). Some additional results obtained
in this manner are illustrated in Figs. 17 b (visualized flow
of a wavy surface), 17 c and 17 d (flow in a labyrinth seal)
where, in the last two cases, the fluid is set in motion
by inclining the plate, which can be done for a greater
thickness of the fluid layer (for water at a thickness of 2-3 mm)
[10].
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Fig. 15 a, b. Visualization of vortices behind
a streamlined cylinder. c, d. Graphsof circumfer-
ential velocities. The velocities were determined
from photographs as in Fig. 15 a [57].
[Fig. 15 c, d on following page.]

Particles sprayed on the surface of the fluid can also be
used to visualize the flow in hydraulic channels when the model
is at rest and the fluid flows around or through the model.
Hydraulic channels with an open observation space which is not
covered and afreesurfacearesuitable for this purpose (see, for
example, the schematic diagrams in Figs. I and 2). In this /41
case, the camera is in a fixed position above the model and the
surface is illuminated at an angle in such a way that the light
sources reflected from the surface do not interferein the
photographs. An example of the results obtained using this
method is given in Fig. 18, in which the flow in the separation
mechanism of a threshing machine is visualized (with a short
exposure time (a), a longer exposure time (b) and the image
of the streamlinesis drawn according to the photographs (c)).

With regard to the use of visualization particles inside the /42
fluid flow, certain concrete results are illustrated in Figs.
19 a, b [30]. These were obtained using a hydraulic channel whose
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Fig. 15 c, d. Graphs of circumferential velocities. The velocities
were determined from photographs as in Fig. 15 a [57].



observation space had a 22 x 22 cm
cross section and whose length
was 70 cm. Small solidified
polystyrene drops with a 0.5-2 mm
diameter were used for the

Svisualization. Small air bubbles
can be used in a similar way.

Also in this case, quantita-
Fig. 16. Schematic tive results can be obtained. The

diagram of equipment for procedure used is either the
diagram of equipment for method described on p. 27, or,

visualization using a thin using the same camera, two photo-fluid film. graphs of the flow field vis-
ualized by the particles are taken

and the time interval between both exposure is determined exactly.
The photographs are superimposed on one other so that the boundaries
of the measured area coincide. They are lit though and
the motion of the particles in the time which elapsed between
the two exposures is measured, for example, by a measuring
microscope. It is also possible to have two exposures on one

Fig. 17 a, b. Flow around a cylinder and surface
rippled by a thin fluid film (the thickness of the
water layer is approximately 1 mm, visualized
by lycopodium) [10].

c, d. Flow in labyrinth seal visualized with the
aid of a thin fluid film sprayed with visualizing
powder.
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Fig. 17 b.

Fig. 17 c.

Fig. 17 d.
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Fig. 18 a. Flow in the separation mechanism of a
threshing machine. Short exposure time [10].

photograph. This method was used in the quantitative analysis
of velocity fields in water caused by the introduction of a
solid body [59]. Here, the visualization particles were small
air bubbles whose source was a thick-walled soft rubber hose
with a 1 cm diameter in which holes with a 0.25 mm diameter
were punched at regular intervals with a needle. When air with
an overpressure of about 1 atm is brought into such a hose which
is immersed in water, air bubbles with a 0.2-2 mm diameter rise
from the hose in still water in a chosen roughly vertical
plane. Now, if the body is introduced into the vessel with the
water, the motion of the bubbles changes,and this change is used
as the basis for determining the velocity field. If the time
between exposures is At and the displacement of the bubble in
this time is As, the magnitude v of the average local velocity
v is given by the ratio v = As/At. Usually, one proceeds so
that the flow, which is generally three-dimensional, is lit
through in one plane (with the aid of a light source with a slit)
and photographed in the perpendicular direction to this plane.
The average local velocity v in this plane is determined in
this manner at individual points of the plane that was lit
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Fig. 18 b. Flow in separation mechanism of
threshing machine. Longer exposure time [10].

Fig. 18 c. Image of streamlines drawn according
to photographs 18 a, b [10].
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Fig. 19. Flow around a profile in a hydraulic channel.
Small solidified polystyrene drops with a 0.5-2 mm
diameter are used for the visualization [30].

a) flow at small angle of incidence; b) flow at
large angle of incidence.

through. The three-dimensional flow can then be analyzed by
passing light successively through the flow in different planes.
However, corrections for the rise velocity of the bubbles, the
effect of the walls of the vessel, etc. must be introduced into
the data obtained. Similarly, instead of air bubbles, oil drops
or hexane drops can be used. In this case, a metallic tube with
0.05-0.5 mm diameter holes or an injection needle are more
suitable than a hose.

Oil drops in water can also be used to obtain quantitative
data in a different way [48]. A model which moves in still
water is used for this purpose, and two glass plates which are
parallel to the plane of flow formed by the motion of the model
are inserted in the appropriate place before the experiment. An
oil emulsion is poured between them (olive oil + ethylene di-
bromide + water). The drops which form in it, the oil dissolved
in dibromide, must have approximately the same density as water,
which is achieved using the proper oil to dibromide ratio. The
glass plates are then removed, the layer with the oil drops is /43
illuminated by the source with the slit (Fig. 13) and the body
(model) is set in motion. The direction of photography is per-
pendicular to the plane of light rays and to the plane of flow.
The exposure time is regulated by the shutter, consisting of
the rotating diaphragm. The velocity of the flow is determined
from the length of the particle tracks on the film which are
measured by a microscope.
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1.2. Use of Methods from Group 1 for Visualizing the Flow of Gases

1.2.1. Methods Based on the Use of Particles Forming Continuous
Trails or Larger Continuous Regions
(Use of mottle trails, smoke and mist. The method of
hot wires. Method using electric discharges. Lumi-
nescent methods. The method of amist screen for
visualizing a shock wave.)

A. The first method in group 1.2.1 is the introduction of
a burning gas flame into the airflow by means of a thin
nozzle. The flame that is introduced must have a small diameter
and it must be long. The method is suitable for analyzing local
turbulence, and it can also be used to determine sufficiently
well the wake boundaries when the nozzle is inserted in the
separated flow region, the wake.

A system of trails can also be used. These are obtained by
introducing into the flo w- burning gas with the aid of a
tube-shaped torch with a series of openings (Fig. 20).
If the mottle trails are long and thin, illumination is not
needed in certain cases, and the observations can be carried out
or the photographs can be taken with a dark background.

B. The second method in
group 1.2.1 uses smoke and mist
trails. Smoke and mist are
aerosols and therefore are
classified as dispersive
systems. Here, the dispersing
agent is a gas, for example,
air. When solid particles are
dispersed in it, smokes and
fumes are formed and the dis-
persed liquid particles form the
mists.

The aerosol, the smoke or
mist, is introduced into the

Fig. 20. Visualization of stream by a comb [sic] nozzle,
flow around profile with the a simple nozzle through an
aid of mottle trails. opening in the stream-

lined body, etc., depending /44
on the type of problem studied
and the type of aerosol. The
condition is that the aerosol

leaving the nozzle have the same velocity as the surrounding flow
medium. The velocity of the flow must be selected so that the
aeroso? trails do not liquify. The aerosol can also enter
the stream directly from the surface of the streamlined body
where it is formed by the chemical reaction of the flow medium
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with the appropriate coating substance applied to the surface of
the streamlined body.

The methodsfor obtaining the aerosols belong to two dif-
ferent basic groups:

a) smoke or mist resulting from the chemical reaction of
an appropriate substance (usually a liquid) with the flow medium

b) the smoke which was already generated or the mist that was
formed are introduced into the flow medium:

bl) through a chemical reaction or
b2 ) combustion and vaporization.

A. a) The simplest method among these methods is using
smoke generated by water-soluble salts, for example, by titanium
chloride or stannous chloride. The smoke is generated when thesesubstances bond with the water vapors contained in the air and,
in the cases mentioned, it consists of the metallic oxide par-
ticles (for example, Ti0 2 ) and the hydrogen chloride. The smoke
that is generated is thick, White and it can be seen easily. Its
particles sometimes contain large drops of water so that at low
flow velocities they tend to drop; however, at sufficiently
high flow velocities, the drop does not manifest itself
noticeably.

The salts that were mentioned are in the liquid state,and
their reaction during contact with air, the hydrolysis with the
water vapor, is vigorous,and large amounts of smoke are generated
during it. One drop of the fluid at the end of a glass rod
gives an amount of smoke which is sufficient for several minutes
of the experiment. However, the disadvantage is that deposits
are formed on the streamlined bodies.

To observe the flow around the streamlined body, it is suf-
ficient if several drops of the fluid are placed on the surface
of the body, and, in the second case, it is more advantageous
to use a mixture of the two salts that were mentioned in the
ratio 1:1 to prevent clogging of the openings [1, 51. Forobservation in other parts of the flow field, a glass rod which
was first immersed in a smoke-producing fluid can be used as
the source for the smoke trails.

Since the smoke contains hydrochloric acid, the smoke is
corrosive and generally harmful. Therefore, smokes of this typeare not suitable for use in tunnels that were not specially
designed for this purpose. Wood was mainly used in the
construction of such special tunnels [771. The acidic chatacter ofthe smoke must be neutralized after it leaves the tunnel. Hence,
for a number of reasons, smokes of this type are used only
seldomly.
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A.bl) Another method uses ammonium chloride-salmiak vapors.
Apparatus consisting of three flasks is used to generate the smoke.
The first flask with the hydrochloric acid passes through the
air and carries with it the vapors of this acid which react /45
with the ammonium hydroxide in the second flask. The reaction

HC1 + NH40H = NH4Cl + H2 0

occurs during which the salmiak is obtained in the form of
white smoke. The third flask is used as a separator [1].

A.b 2 ) Group b2 also uses chlorine, bromine and iodine vapors
which, however, are damaging to health, and strict hygiene
measures must be observed while working with them.

Smokes of various colors from smoke generator can also be used
advantageously without volatile chemical component substances
(especially in studies dealing with room ventilation).

However, aerosols obtained by burning wood, tobacco and other
organic substances (for example, also straw) are used most
frequently or aerosols obtained through vaporization or possibly
the burning of oils.[66 through 76]. We will therefore now
describe certain concrete methods by which they are obtained.

One of the simplest smoke generators is outlined in Fig. 21
[73]. The tobacco smoke in it is obtained by burning a cigar
soaked in oil.

A very convenient smoke which is nonpoisonous and noncor-
rosive (used by beekeepers) is obtained by burning rotten wood
(so-called loose rot). The smoke from the combustion chamber
passes through the cooler and then through a filter in which the
tar and also larger particles which clog the nozzles and form
deposits on the streamlined bodies are collected. The lay-
out for the smoke generator of this type is given in Fig. 22
[66]. The smoke supply to the tunnel is regulated by the
bypass which releases most of the smoke generated
into the atmosphere, so that the generator can operate with
the same capacity regardless of the amount of smoke drawn off.
The disadvantage of this method of obtaining the smoke is the
long time needed to put the generator in operation. In addition
to this, the smoke contains large amounts of particles which do
not trace well the surrounding medium, form deposits on /46
the streamlined bodies,and disturb the flow that is studied.

The disadvantages that were mentioned are reduced consider-
ably when an oil generator is used which also provides aerosols
in larger concentrations. The aerosol here is mist, which is
formed through the collision of the vaporized oil in the form
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Fig. 21. Schematic diagram of very simple smoke
generator (1. air supply with slight overpressure
of approximately 0.1 atm; 2. burning cigar soaked
in oil; 3. separator-filter; 4. bypass; 5. nozzle
inlet).

of a small drop with a cold air current [76, 69]. Since the mist
consists of tiny drops, deposits are not formed on the body or
in the pipes. The generator can be put in operation in 5 min
and it can operate for an unlimited period, it has small di-
mensions and the quality and amount of mist supplied can be
regulated well. When mineral oil is used, kerosene and paraffin
oil have especially good properties for these purposes. The
mist obtained is not corrosive, it is not poisonous, and it does
not have an unpleasant odor, even when the concentrations are
high. When it is used, the very slight probability of an
explosion cannot be eliminated altogether, but in the usual
cases the proportion of oil in the air is such that the danger
of an explosion can be discounted.

A simple type of oil generator is outlined in Fig. 23 a.
Most of its parts are made from glass. The oil is supplied
from the oil tank to the vaporizing chamber (boiler tube) around
which a heating coil is wound with a maximum power of
approximately 200 W, which is wrappedin several layers of
asbestos twines[76]. The current in the heating coil and the /47
heating of the oil can be regulated by a rheostat, and the
passage of the current is indicated by a control box. The
heating coil heats the oil in the boiler tube which is vaporized,
and the vapors are let into the mixing chamber through a small opening
to which the air is supplied through the small tubes on the side.
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Fig. 22. Schematic diagram of apparatus for
generating smoke by burning wood [66] (1. ven-
tilator; 2. gas supply to burner; 3. area for
burned wood; 4. bypass; 5 and 8. water filter;
6. coke filter; 7. cooler; 9. nozzle inlet).

indicated by the number 5 in Fig. 23 a. The mist that is formed is
conducted to the mist reservoir and its supply to the tunnel or
the bypass is regulated with the aid of valves.

After the generator is put in operation, the oil reservoir
is placed in such a position that the oil level in the boiler
tube is approximately at one-half of its lenth. After the heat /48
is turned on, the oil is heated slowly, and only after a certain
time the oil reservoir is lifted so that the level in the boiler
tubes rises somewhat, but does not reach the outlet opening.
This is necessary since the interior of the mixing chamber must
always be dry. If a relatively large amount of oil is
condensed in it, the oil level in the boiler tube must be
lowered.

The regulation of the amount of mist needed in the oil
generator that was described in ensured by the bypass, and the
quality (concentration) of the mist by the rheostat of the
heater. To avoid raising the position of the oil reservoir in
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Fig. 23. Schematic diagram of smoke generator
with oil vaporization [76]
a) (1. air supply with slight overpressure of
approximately 0.1 atm; 2. oil reservoir; 3. elec-
tric heating winding; 4. asbestos heating insulation;
5. air nozzles; 6. condensed oil outlet; 7. separa-
tor and smoke reservoir; 8. bypass; 9. smoke
supply for nozzles).
b) Different layout of oil reservoir.

operation, the additional oil can be supplied in the manner
shown in Fig. 23 b.

To generate a larger amount of mist, a generator with a
larger number of air nozzles and nozzles for the oil vapors was
designed on the same principle [69]. Another advantage of
this generator is its greater strength when it is serviced, since
most of its parts are metallic.
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Before generators of the type that
was mentioned had been designed, the
commonly used oil smoke generators were
based on a slightly different principle
(see Fig. 24). In these, the oil from the
reservoir drops onto the heater where it
is partially vaporized and a part is
burned. The vapors condense in the air
current into small drops as they enter the
cooler parts of the generator apparatus
and form with the solid particles obtained

2 through the burning the aerosol needed
for the visualization. However, the
aerosol obtained using this method does not have
high concentration and the advantageous /49
optical properties as that obtained from the oil
generators that were described. In
addition to this, its regulation is less
flexible.

Another method of generating an oil
mist which is especially suitable when

) 0it is intermittently introduced into the
current is worth mentioning. Basically,
it is a L-shaped tube with a piece of
cotton soaked in oil at the inlet to the
shorter arm. The heating wire, pre-
ferably a platinum wire, passes through
it and is connected with the electric

diagram of smoke current source with the aid of lead-insdiagram of smoke
generator with oil with outlets at the other end of the

tube. An air current carries the small

vaporization mist drops formed by the precipitation
(1. oil reservoir; of the oil vapors. Fig. 25 gives an out-

2. heating body). line of such a spout intended for letting
out a single aerosol filament.

The tunnels for smoke and mist visuali-
zation differ from the usual wind

tunnels mainly by their high inlet branch taper ratio
(up to 1:48) and by the equipment used to reduce turbulence.
Their design must satisfy the following requirements. The flow
in the observation space must be the same in the entire cross
section,and it must have a low turbulence value. To prevent
the smoke from filling the tunnel, the most suitable type of
tunnel is a tunnel with an open circuit. The velocity of the
flow must not be too low so that the smoke trails do not
descend, i.e. the effect of gravity must not be felt. In this
respect, vertical tunnels have certain advantages. The
method for designing appropriate tunnels is illustrated in
Figs. 26 a, b, c and Fig. 27.
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The literature [70, 93]
describes the two most sophis-
ticated smoke tunnels. The
first tunnel was designed
for the study of two-dimensional
flows. Its taper -ratio is
1:20,and the dimensions of
the measurement space are
1 x 1.7 m with a depth of 5 cm.
The three walls (upper, bottom
and one side wall) are made
from pure glass plates. The
walls are transparent. The
images obtained in this tunnel
are shown in Fig. 28.

The second tunnel is used /51
to observe three-dimensional
flow. Otherwise, both tunnels
have a great deal in common.

Fig. 25. Tube for generating Thus, quiescent
a single smoke trail flow is obtained in both cases
(1. oil reservoir; 2. heating by several screens of various
winding; 3. cotton with oil). types located immediately

behind the inlet opening of the
tunnel. For example, in one

design [83], altogether 13 screens were used, seven bronze
screens whose linear dimension was approximately 1.6 mm and six
nylon screens whose linear dimension was approximately 1.3 mm. The /52
mist is introduced by a comb nozzle placed in front of the body
at the tapering area or immediately before it. The outer shape

7

Fig. 26 a. Schematic diagram of smoke tunnel [5]
(Z -- light source).
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Fig. 26 b. Schematic diagram of small
smoke tunnel.

of the comb nozzle has the
form of a wing of constant
depth and the smoke is let
out through the individual
holes in the trailing edge.
When the boundary layer is
studied, the mist is let out,
in most cases, from the stream-
lined body, for example,
immediately behind the leading
edge.

Smoke tunnels operate at
relatively low velocities.

Fig. 26 c. Small smoke tunnel. The maximum velocity of a
free stream is about 30 m/sec.
Higher velocities can be attained
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Fig. 27. Schematic diagram of smoke tunnel
using smoke obtained with the aid of titanium
chloride.

when the taper ratios are very high and the flow is laminar
without liquifying the smoke trails.

The illumination method
is outlined in the sketch
in Fig. 26a. The observation
space is illuminated from
above and from below and the
axis of the photographic
equipment is perpendicular to
the plane of flow (in three-
dimensional flow studies).
The rear wall of the tunnel
is covered by black velvet
(black background). When
the tunnel is used to study

-three-dimensional flow and
Fig. 28. Photograph obtained in flow in the boundary layer,
perfect smoke tunnel [931. the illumination and photo-

graphy direction depend on the
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type of problem that is studied. For certain purposes, illumina-
tion by a plane pencil of rays is adequate (see p. 23). The
illumination requires high-intensity sourmes,,whose inputy.n the tunnel
is usually greater than the input needed for the blower drive
(for example, [83] the tunnel motor works with a 1.5 k input,
and the input of the light sources is 26 kW = 35 k).

In addition to the usual recording methods that were already
mentioned, experiments were made with high-speed motion picture
cameras (up to 3000 pictures per minute). These records were used
to study unstable processes during the flow. Light sources with
a high input, for example, 38 discharges each 700 W, had to be used
for this recording method.

The results obtained in modern smoke tunnels can also be used,
among others (see below), in the quantitative evaluation of the
velocity field around the streamlined body on the basis of the
group of smoke trails that were determined which have the shape
of the streamlinein a stationary flow. The following images of
the flow will best illustrate the many ways in which smoke
methods can be used (see Figs. 29 through 35).

C. The third method in group 1.2.1 is based on the use of /53
hot wires and heated surfaces[85, 86, 87]. Trails, layers or
regions with properties other than those of the flow medium
(gas) are obtained here by artificially changing the properties
of the medium. A thin wire heated by electric current is used
for this purpose. A layer of the medium (gas, as a rule, air)
is formed which has a different temperature and hence a different
density and adifferentrefractive index than the surrounding
parts of the flow medium so that for a proper illumination,a /54
darker strip is formed on the screen which represents, for example,
the streamline Several wires placed parallel above one another
across the flow can also be used, which makes it possible to
visualize the system of streamlines The changes in the properties
of the flow medium in a certain region can also be achieved by
heating the surface or part of the surface of the streamlined
body. More sensitive observation in all these cases can be
achieved with the optical refraction method (simple refraction
method, diaphragm refraction method) described in Part 3.

When the method was applied, 1l to 3 cm long platinum wires with /55
a diameter of approximately 0.05 mm were used, which were heated
by current from batteries. Rheostats were used to regulate the
current [85, 86]. The wire must be heated until it has a dark red
glow and a current intensity of roughly 1 A is needed for the
wires that were mentioned when the velocity of the flow is about
10 m/sec. Instead of a platium wire, another material can also be /58
used. Alternating current can also be used for the heating.

Combined with a stroboscope, the methods can also be used to
observe transient and periodic processes. They are also suitable
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Fig. 29. Photographs [10] obtained using the smoke
tunnel plotted in Fig. 26b. a) smoke trails in un-
perturbed flow in homogeneous velocity field.

for the study of three-dimensional flows when illumination with
a slit is used as described on p. 23.

The wind tunnel must have similar properties as the
smoke tunnels described in B (low velocities, low turbulence).
Any light source level can be used together with the optical equip-
ment which will ensure that a pencil of approximately parallel
light rays will pass through the observed place.
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Fig. 29. b, c) Image of flow around classical
profile; d) Image of flow around laminar profile.

When this method is used, the velocity of the flow is bounded
above and below. The maximum velocity that can be used is about
20 m/sec, at high velocities the trails liquify rapidly as a
result of the higher viscosity. The lower velocity boundary is
due to the rate of rise of the heated gas (air) as a result of
its smaller density. The effect of this rate of rise no longer
manifests itself noticeably at velocities above 2 m/sec.
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Fig. 29 e. Image of flow around a laminar
profile.

Fig. 30. Photograph obtained using the small
smoke tunnel drawn in Fig. 26b. 6) Flow around
an impenetrable obstacle.

The advantages of the method are the simplicity of the
equipment, the short time needed to prepare the-experiment and also
that it is not necessary to introduced other substances into the flow,
since the introduction of other substances into the flow medium can
have an effect on the type of flow in certain cases. The
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Fig. 30 b. Flow around a penetrable obstacle.

Fig. 31. Effect of tranquilization screensin
inlet branch of smoke tunnel [72]. a) Without
screens, b) Two screens, c) Five screens,
d) Twelve screens.
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Fig. 32. Effect of tapering inlet branch of smoke
tunnel [72]. a) Tapering 12:1, b) Tapering 24:1.

disadvantage of the method
is that the vortices
behind the streamlined
model cannot be observed
in the wake, since as a
result of the effect of
the vortical motion the
warm air trails liquify
rapidly, i.e. they mix
with the surrounding cold /59
air. As a result of this
the method is mainly
suitable for visualizing
the flow in front of the
model and around it.

Fig. 36 shows the
photograph of a two-
dimensional flow around

Fig. 33. Image of flow behind a wing obtained with
propeller [72]. the aid of this method.

Fig. 37 shows the results
obtained from using a

heated surface to visualize the flow around a sphere. The brass
sphere was heated by a burner flame before it was inserted in
the tunnel [87]. The velocity of the flow around the body when
heated surfaces are used must be selected properly, i.e. it
must be sufficiently high so that the spontaneous flow caused by
the differences in the temperatures can be ignored.

A small volume of air can also be heated with a high-current
electrical discharge. For example, to determine the velocity
profile in the boundary layer and its development on the plate,
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one can use the changes in
the shape of the heated air
trail which was originally
perpendicular to the
plate and heated by the
discharge between the
plate and the tip placed above
the plate [104].

The method which uses
light spark discharges
in the gas flow, usually
air, is based on a similar
principle [94, 95]. When
it is used, electric
pulses are supplied to

Fig. 34. Visualization of flow the electrodes inserted

around a profile by smoke in- in the flowing air which

troduced in pulses [93]. have such properties that
a spark discharge of very
short duration is generated
between the electrodes
(roughly 60 kV,duration
on the order of 10-6 sec).
The highly ionized
plasma cylinder formed by
the first spark is carried
by the current. The
subsequent light spark
discharges which repeat
themselves in short time
intervals no longer follow

Fig. 35. Visualization of vortices the trajectory of the

behind vibrating wing. The smoke first spark, but pass through
is conducted by two tubes: one the plasma cylinder formed

above the wind and the other be- by the previous discharge which

low it [5]. was displaced by the flow,
since the plasma cylinder
has a much higher con-

ductivity than the air which is not ionized. The light
discharges can not only be observed directly, but can also be
photographed with an ordinary camera in which the objective must
be open from the instant when the first spark was formed until
the time when the plasma cylinder is carried by the flow to the
end of the part of the flow that is studied. When the pulse
frequency causing the spark discharges is f, the images of the
individual positions of the plasma cylinder obtained in the photo-
graph are shifted through distances corresponding to the path
s = v/f in the flow, where v is the local velocity of the flow. /60
Fig. 38 gives a diagram for the arrangement of the electrodes
for various cases of flow and Figs. 39 and 40, the photographs of
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two flow fields in widening
pipes visualized by light
spark discharges.

To obtain the required
electric pulses, the authors
of article [95] used the
equipment manufactured as the
source for a discharge tube
of a stroboscope (Strobokin
Hochfrekvenzblitzgerit). The
electric power from the pulse
capacitor of the lamp is sup- /61
plied to the high voltage

Fig. 36. Visualization of pulse transformer. Exactly
flow around a wing with the regulated high-voltage pulses
aid of the method of up to 250 kV can be obtained
hot wires [87]. in this manner. The width of

the pulse can be adjusted by
choosing the transformer values
and modified with the aid of
damping resistances. With
regard to the frequency of the
pulses using the equipment that
was described, a value of
70 kHz can be attained and, in
a special version, up to
140 kHz. However, for the
study of gas flows frequencies
on the order of 10 Hz = 1 kHz
must be used. The highest
frequency that can be used must
be determined mainly by the
velocity of the flow and its

Fig. 37. Visualization of transverse velocity gradient.
flow around a sphere using However, the time during which
the method of heating the the discharge glows must also be
surface [87]. taken into account, since it has

an effect on the sharpness of
the discharge images on the

photographs, and the transverse dimensions of the discharge, the
discrimination possibilities on the photograph,and finally also
the sensitivity of the photographic material must be taken into
account.

The use of the method described in aerodynamics is limited
both by the maximum attainable dimensions ofthe flow field which
are on the order of several centimeters and also by the shape
of the electrodes. Correct results can actually only be obtained
in the case when electrodes with the smallest possible dimensions
are used in the direction of the flow. In the case of long
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Fig. 38. Schematic diagram for the arrangement
of electrodes for the method of light spark
discharges.

electrodes forming the boundaries
of the flow field, the incorrect
conclusion follows from the record
that the velocity of the flow near
the surface of the electrode,
i.e. the flow around the wall, has /62
the same order of magnitude as
the velocity in the flow.
Similarly, when the flow field
behind an obstacle is studied where
the plasma cylinders acquire deep
curvatures as a result of the great
differences in velocities (as in
the previous case, near the walls),
it may happen that the spark

Fig. 39. Photograph of suc- discharge no longer follows the
cessive light spark dis- trajectory of the previous plasma
charges in widening pipes cylinder but follows the relatively
[95]. shortest path between the electrodes.

The results subsequently obtained
are incorrect.
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Next, disturbances
caused by the high
temperature of the discharge
and pressure waves which
accompany may occuralthough
this possibility is im-
probable because of the
very small amounts of
energy per discharge.
From everything that
was mentioned, it follows
that, although the method
is effective, it can only
be used for a qualitative
analysis of certain

Fig. 40. Photograph of successive simple cases of flow where
light spark discharges in an the dimensions of the flow
expanding pipe. field are on the order

of several centimeters.

A certain improvement can be
achieved by introducing a larger
number of electrodes of small
dimensions placed pairwise
opposite to one another in the

N 1electrically non-conductive walls
S 1 which limit the flow field
Sii (Fig. 41). A train of several

I T pulses (two to five) must be sup-
1 . plied to these electrodes simul-
<- Ks taneously in a way

which will ensure that each
discharge between a particular
pair of electrodes follows the
plasma cylinder of the previous
discharge displaced by the flow

Fig. 41, Schematic diagram between the same pair of

for the arrangement of a electrodes, so that the plasma
larger number of cylinder belonging to the dis-
electrodes. charge between a certain pair

of electrodes will not have an
effect on the shape of the plasma

cylinders from discharges between neighboring pairs of electrodes.
A record like that in Fig. 41 is obtained (the dots in-
dicate the trajectory of the discharge from the first pulse,
the dashes from the second, third, and fourth pulses). However,
this modification would require from the source of the pulses
an electric power which is several times larger.

D. The fourth method in group 1.2.1 uses a glow discharge
in a gas and gas luminescence at low pressures.
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The glow discharge causing changes in the entire flow region
used for its visualization can also be used to study the gas
let out from the nozzle into a medium at a very low pressure on
the order of several torr, which is convenient, since at these
low pressures, the usual refraction and interferometricmethods
which will be described in Part 3 are not suitable. The gas
flow is visualized so that its atoms are excited by the high
frequency voltage and the glow determines the region of the flow
and also the strong pressure changes in it. The disadvantage is
that also the surrounding gas which was left in the space into
which the gas that is studied flows,also glows.
However, since the incoming gas has a higher pressure than the
still gas in the chamber, its glow has a higher intensity, so
that this disadvantage does not cause excessive difficulties.

A Tesle transformer, which gives a high frequency alternating
voltage of about 40 kV can b e used as the current source. An
outline of the experimental equipment is given in Fig. 42.
Fig. 43 shows the flow of argon from a nozzle with a 1 mm diameter
into a chamber in which the pressure is 1 torr. The pressure drop
on the nozzle was 20 torr,[88].

A bundle of electron beams bom- /63
barding the gas flow can be used instead
of the high-frequency alternating current
to excite the atoms of the gas flow.

Similarly as in the discharge, to
visualize the flow at very low fre-
quencies (on the order of several tenths
of a torr) luminescence can be used
(see Figs. 44 and 45). The gas atoms
are excited by the strong high-frequency
alternating electric field before they
enter the nozzle, and when they are let
out from the nozzle and enter the medium
with the lower pressure they glow, and
also outline directly the shape (outline,
contour) of the flow and also by their different

Fig. 42. Chamber for intensities, the pressure differences
the study of gas let in the flow [89, 19, 146, 146a]. In
out from a nozzle with comparison with discharges during
the aid of a glowing luminescence, the atoms continue to glow
discharge (1. nozzle for a certain time after excitation.
from electrically
conductive material; Luminescence has also been used in
2. partition from tunnels to study the flow of nitrogen
insulating material; and air at very low pressures. The
3. chamber from con- experiments with pure nitrogen were
ductive material with carried out in the pressure range from /65
transparent windows; 0.1 to 60 torr. When a strong electric
4. high voltage supply discharge passes in this state through
source).
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pure nitrogen it may induce in it a
luminescent glow which lasts for a
certain period (several tenths of a
second) after the discharge ends. The
wavelengths and the relative luminance
(relative to the green line at wave-
length 5371 ) of the strongest spectral
lines of this radiation are given in
the following table:

Red 6251 4 0.345
Yellow 5802 A 0.940
Green 5371 1.000

The intensity of this glow increases
(in the range of pressures under con-
sideration) with the pressure. If the
nitrogen contains oxygen and carbon

Fig. 43. Argon flow dioxide remnants, these substances have
rom nozzle with an effect on the color of the luminescent

a 1 mm diameter into glow which changes with the pressure,
the space where the so that the density of the gas can also
pressure is 1 torr be inferred on the basis of the color
visualized by glowing of the glow.
discharge [88].

In air, the luminescence was ob-
served in the pressure range from

0.02 to 10 torr.
Similarly, as in
nitrogen, also here
the intensity of this
glow increases with
the pressures (in
the given range of
pressures).

Compression waves
can be visualized
well in the gas flow
with the aid of
luminescence. A
comparison with
photographs of the
flow obtained with the
aid of the diaphragm
refraction method which

Fig. 44. Use of gas luminescence at low was described in
pressure for visualizing flow around a Part 3 shows that the
sphere [89]. position of shock

waves can be determined
correctly by the
luminescence method.
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We also note that
both methods are suitable
for visualizing supersonic
flow at very low pres-
sures, which is becoming
a topical problem.

E. Group 1.2.1
also includes the following
method for obtaining
images of shock waves in
humid air or in air with
smoke. In places in
which the air pressure
is much higher than the
pressure in the undisturbed
medium (i.e. in places
occupied, for example, by
the shock wave), an
increase in the concentra-
tion of the admixture
particles in the air

Fig. 45. Visualization of flow (smoke, water) occurs or pos-
around rhombic profile using lumi- sibly condensation of
nescence of excited gas [89, 146]. water vapors, so that

these places can be
distinguished from the

surrounding medium by the naked eye due to the greater absorption
and scattering of the light. It is convenient if the observation
space is illuminated in the direction of the flow and the wave
is observed approximately in its direction. Using this method
it is also possible to determine the three-dimensional wave
pattern. Vortices and wakes which appear in passing light as
darker spots in the observation field can be visualized in a
similar manner [96, 97].

1.2.2. Methods Based on the Use of Particles Not Forming Cdherent /66
Trails or Relatively Large Coherent Regions
(Use of aluminum powder, fine balsa dust, sparks. Townend's
method of heated air particles. Filament probes,
direction probes.)

The following methods are used to visualize gas flows with
the aid of individual particles:

A. For relatively low velocities (to 100 m/sec) aluminum
powder or fine balsa powder can be introduced advantageously into
the flow [99 through 102]. These two methods are used most fre-
quently; however, fine cork powder, elder pith powder, etc. have
also been used. The condition under which the particles that were
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introduced trace well the flow that is being examined were men-
tioned on p. 12.

Balsa dust is very advantageous because its particles have
a low density and reflect light well. They are obtained by
grinding the balsa -;wood across the grain on fine emery paper.
The dust that is obtained is sieved twice on a sieve whose linear
dimension is approximately 1.4 mm. Its particles fall in an
atmosphere at rest at an average velocity of 30 cm/sec [100].

Other suitable particles of a floccular character can be
obtained by sublimating solid metaldehyde which is a polymerized
acetaldehyde. The piece of metal which is heated until it is red
is pressed to a Meta fuel block (so-called solid alcohol).
This leads to the sublimation of the polymerized acetaldehyde.

Other suitable particles are sparks which can also be used
at higher velocities [11, 12]. Sparks obtained from coal dust,
tinder or through grinding on a grinding disk are used.

The usual types of wind tunnels and the illumination
method described on pp. 14 and 25 are suitable for all these
methods. Observation by the naked eye, photography or motion
picture recording do not cause any difficulties. The problems
connected with the illumination were solved theoretically in
study [102].

Quantitative data can also be obtained (for example, the
velocity field during flow around bodies)and the corresponding
method is called the chronophotographic method [98, 112].
One of the three following basic methods can be used. The first
method is based on photographing the flow fields with the particles
with a certain known exposure time, and subsequently determining
the velocities of the flow at the appropriate points from the
lengths of the particle tracks. In the second method, two expo-
sures are taken on the same photograph with a known time
interval and the velocities are determined from the change in the
position of the visualized particles. Both exposure times are
sufficiently short,so that in each exposure the trace of the
particle is nearly a point. Both these methods have already been
mentioned earlier. The third method uses interrupted flash
illumination and a large number of exposures of the flow field
are taken on the same photograph. Thus, we obtain, on the photo-
graph, dashed trajectories of the particles. The direction of
the dashes determines the direction of the velocity of the flow
and the magnitude of the velocity is determined from their spacing
and the frequency with which the light is interrupted. The
basic difference in this method compared to the first two methods
is that the third method yields the actual trajectories, whereas /68
in the first two methods we obtain the trajectories by connecting
the tracks formed by different particles.
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Examples of the concrete use of individual particles are
given in Fig. 46 (flow through the model of a helicopter rotor,
balsa dust was used) and Figs. a, b (flow around the model of a
roof and cylinder, aluminum powder). Interrupted illumination
was used which was obtained with the aid of the continuous light
of an arc lamp and a screen (a disk with cutouts) rotating with
a variable number of revolutions. Another method is to construct
the source of interrupted light with the aid of an electronic
stroboscope where a discharge arc is used as the light source,
or advantage is taken of the natural oscillations of a carbon.
arc lamp. The equipment that was used for the photographic
studies whose photographs are given in Figs. 47 a, b is described
in detail in article [48].

Fig. 46. Image of flow through model of heli-
copter rotor. Balsa dust used for visualization.

Individual particles in
the flow can also be used to ob-
tain a stereoscopic image of
the flow. A certain section
through the three-dimensional
velocity field which is lit
through by the light source with
the slit is photographed by two
cameras with nonparallel axes.
We obtain the stereoscopic
image of this flow through the
optical composition of the pair
of photographs that were obtainjed.

Fig. 47 a. [See caption on
following page] B. The second method in

group 1.2.2 uses to visualize the flow
the property that the small volume
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Fig. 47 a, b. Photographs obtained with the aid of
the chronophotographic method [98].

of the medium flow heated by the spark (the gas, generally air)
has different properties, in particular a different refractive
index than the surrounding unheated medium flow [103-107].
During the practical application, repeated electric discharges
occur at several spark gaps placed next to one another across the
flow. The line connecting the spark gap electrodes is perpen-
dicular to the plane of flow. From each pair of electrodes
forming one spark gap, a series of small volumes of the flowing
gas moves with the flow, which are connected as a result of the
thermal inertia of the electrodes by thin filaments of the heated
gas (the entire series can be compared to a filament which has
"bubbles" at certain distances). Because there are several such
spark gaps, a set of such series is formed. If the flow is
stationary, images of the flow lines can be obtained. In addition,
if the discharges occur at the spark gaps in equal time intervals
whose length is known, the local velocity of the flow can be
determined from the heated volumes ("bubbles" on the filaments).

The observations are carried out using the same equipment
as in the method of hot wires (see p. 46). The sparks
can be generated with the aid of an induction coil and an inter-
ruptor or with the aid of an alternator. For example, a 150-V
alternator with an output of 0.5 k at 2500 rpm was used
successfully. The current that was obtained was regulated by
rheostats and after it was raised 1:100 by the transformer,
it was supplied to the spark gap. The appropriate distance
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between the two electrodes forming the spark gap was approximately
1 cm [103 through 105]. Fig. 48 a, b shows the visualized
flow around a wing obtained using this method. The diaphragm
refraction method described in Part 3 was used for observation
[105].

C. Another appropriate method is using a probe with tufts,
for example, the probe can be a rod to which several tufts
are attached at equal distances (possibly only one tuft whose /69
ends are frayed or have a small piece of feather attached to them.
If such a probe is inserted in the current, the form of the
particle trajectories in the flowing medium can be inferred from
the orientation of the tufts . The characterof the flow around
the body can be determined with the aid of the probe when it is
inserted close to it. During quiescent flow, the tufts will
acquire such a shape that they will be oriented along the surface
of the body. In the region where the flow is separated, the
tufts will move in jumps. Regions of reverse flow or the
downwash angle behind the model of a wing or around an airplane
can be determined in a similar manner. However, the results
obtained are only qualitative and it must be kept in mind that
the flow is disturbed considerably by such probes.

More accurate results during the measurement of the downwash
angle are obtained with the aid of probes suspended on a thin wire in the
appropriate place. The probes are small balsa or metallic bodies
(several types of such probes are shown in Fig. 49) which main-
tain in a flow in a given direction relatively steadily their
direction and position. If we measure the direction and position
(for example, by a theodolite), we can determine from the measured /70values the necessary data about the direction of the flow [13, 114,
115, 109].

Quantitative data can be obtained
with the aid of a probe with tufts using a grid [108]. The tufts,
are attached to a wire mesh whose linear dimension'is about
25-50 mm at the points where the wires of the mesh cross. When
such a mesh is placed behind the streamlined body perpendicularly
to the direction of the flow, the flow in the wake and its
range behind the body can be studied on the basis of the orienta-
tion of the tufts on the mesh. A mesh with an appropriate
opening can also be pulled over the streamlined body and the
region in which the flow of the medium around the body is
affected by the presence of the streamlined body can be visualized
with the aid of tufts Such a study in carried out at
different depths of the body.

If all the tufts on the grid probe have the same
length (in the case under consideration, wool tufts are used)
it is possible to determine from the horizontal and vertical
projections of their images on the photograph obtained by a
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camera placed behind the
mesh on the axis of
symmetry of the stream-
lined body the deflection
angles of the stream-
linesin the vertical
and horizontal direction.
From the angles that
were determined from
the photograph, the
angles subtended by
the axis of the camera
and the lines con-
necting the points
where the tufts
are attached and the /71
center of the objective
of the camera must be
subtracted. In a
steady flow,
using this method,
the unknown angles
can be determined
with an accuracy of
±0.50.

If the mesh
moves with the
opening for the
wing along the chord
of the wing, the
origin and development
of trailing vortices
can also be observed.

Fig. 48,, a, b. The visualization of By integrating the
flow around a wing with the aid of tangential velocity of
Townend's spark method [103]. the vortices which is

determined from the
projections of the

tufts on the photographs, the relative intensity of the
vortices can be determined [108].

Fig. 50 shows a grid with tufts , placed at a distance
of 60 cm behind the model of a delta wing with a sweepback of
600 at an angle of attack of 200 and an angle of yaw of 100.
The span of the wing is 90 cm and the velocity of the undis-
turbed flow is 27 m/sec.
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Fig. 49. Indicators of direction of flow [131.

Fig. 50. Visualization of flow behind the model
of a delta wing using a grid with tuft
probes [108].
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Part 2. Methods in Which Changes in the Specially Treated /72
Surface of the Streamlined Bodies are Analyzed

Group 2 includes methods in which visualization is achieved
by an appropriate treatment of the surface of the streamlined
bodies in which the fluid flow causes changes and from which
certain characteristics of the flow can be determined. These
changes are observed either by the naked eye or they are photo-

graphed or possibly filmed- Methods based on the principle that was

mentioned can be classified into three groups:

a) Chemical methods in which the chemical reaction of the
fluid flow with an appropriate substance applied in a thin
layer to the surface of the streamlined body is used.
Areas on the surface of the streamlined body where this
reaction occurs faster or more intensely acquire, as a
result of the reaction, a different color shade or an
entirely different color than the remaining surface. The
reaction occurs faster during turbulent flow around a
body and the regions of turbulent flow and the transition
boundaries are also visualized.

b) Physical methods based on the principle of sublima-
tion, vaporization or dissolution of the surface coating
of the streamlined body in the fluid flow. Also in this
case, as a result of the effect of the more vigorous mixing
during turbulent flow, the physical processes that were
mentioned occur faster and the laminar and turbulent flow
can be distinguished by the different properties of the
surface (a different refractive index and a different color
hue).

c) Mechanical methods which are based on mechanical
processes, such as a change in the position or shape of
tiny particles placed on the surface of the streamlined
body, a change in the thickness of the layer Of an appropriate
fluid applied to the surface, or the settling of particles
scattered in the flow on the treated surface of the body.

The materials for the coatings used in these methods
must not be poisonous and damaging to the human organism when
handled, they must not cause corrosion or otherwise disturb
the surface finish of the model.

Generally, the characteristics of the flow on the surface of
bodies are obtained with these methods, both in models and in
objects with real dimensions. The local direction of the flow
on the surface of the body, the laminar and turbulent flow regions
and the transition regions can be determined.
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2.1. Use'of Methods from Group 2 to Visualize Fluid Flows /73

The methods based on chemical reactions are not used fre-
quently to visualize fluid flows since the liquid used usually is
water and since it is difficult to find a substance which is
satisfactory in all respects and reacts with the water in the
required manner.

On the other hand, the methods that belong to the group of
physical methods are used. The following substances which are
the base of the indicator coatings have been used: aceto-
acetanilide, exalgin, acetanilide, phenacetine, hydroquinone
diacetate, etc. [116]. The surface coating is obtained through
dry spraying with the aid of a spray gun, which means that most
of the solvent must vaporize before the substance which is dis-
solved in it impinges on the surface of the body. The thickness
of the sprayed layer which is 5-12 pm must be smooth and it must
not form unevennesses on the surface. The surface of the model
must have a dark color. Usually, the sprayed layer has a light
color. During turbulent flow, the layer dissolves faster than
during laminar flow so that the laminar flow region is indicated
by the light color of the remaining sprayed indication substance,
whereas in turbulent flow regions, the dominant color on the
surface of the model is dark, since in those regions the layer
dissolves faster as a result of the effect of the more vigorous
mixing motion. The most convenient solvent that can be used
is acetone, or light oil fractions with a 4-5% concentration of
the indication substance. A 5% solution of hydroquinone acetate
with acetone or a 4-5% solution of acetanilide dissolved in a
mixture of acetone and oil are most suitable for finding the
transition region. The local unevennesses on the surface of the
streamlined body cause the local disturbance of the flow, wakes
which leave in the region of laminar flow on the surface of a
streamlined body dark strips which can be used to determine the
direction of the flow on the surface of the body [116, 117].

When these methods are used to visualize the the fluid flow
on the surface of streamlined bodies, which we call mechanical
methods, the methods used to treat the surface are very simple and
not demanding with regard to the arrangements. For example, a
thick coat of an oil paint is applied to the body which is in-
serted into the fluid flow before the paint dries. Fine scratches
are formed in the coat which determine the direction of the
local flow on the surface. Using the same method, separation
regions can also be determined because the grooves disappear in
this region. The following method in which the body is covered
before the experiment by drops of oil paint and inserted in the
flow which spreads (wet) drops in the direction of the flow is
similar. The paint drops used must have the proper consistency
in order that they spread only after a certain time period rather
than immediately. The lines that are formed on the surface of the
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body in this manner provide good information about the flow on
the surface of the body. Certain tuft - prgbes attached to the
surface of the body can also be used (see p. 9 ).

2.2. The Use of Methods in Group 2 To Visualize the Flow of Gases /74

We will again consider first chemical methods. The first
method is such that a coating containing a lead compound is
applied to the streamlined body and a hydrogen monosulfide filament
is brought through an opening in the surface to its immediate
vicinity. When it makes contact with the body, the hydrogen
monosulfide blackens the flow. In turbulent flow regions the
hydrogen monosulfide diffuses very rapidly in the surrounding
medium so that blackening does not occur in these regions. Since
both substances are damaging to health, it is better to use
mercury chloride for the coating and supply ammonia to the
immediate vicinity of the surface. The method that was described,
compared with the methods based on the use of smoke trails
(see p. 46),can be used well to study a boundary layer also at
higher velocities. At higher velocities the trails partially
liquify which makes observation impossible when smoke trails are
used. Liquification at higher velocities also occurs in an
ammonia filament; however, in this case, this does not matter very
much, since an ammonia filament in a sufficiently low concentration
can also cause the reaction.

In the next chemical method, ozalid paper is glued to the
tested body (collotype paper) and using thin nozzles ammonia
filaments are introduced in front of the streamlined body which
bring forthdark strips on the ozalid paper having the direction of
the local flow on the surface.

Another chemical method uses an iodide starch (potassium
iodide + starch) coating. A small amount of chlorine is mixed
into the current which reacts with the iodide in the surface
coating, primarily in the turbulent flow region, since during
turbulent flow the chlorine makes contact with the surface
coating more frequently than in the laminar flow region as a
result of the more vigorous mixing. One of the consequences of
this reaction is a change in the color of the coating, the
coating acquires a purple color. The chlorine liberates the
iodine from the potassium iodide and the free iodine stains
the starch. This method is not very suitable for work in a
tunnel since chlorine is harmful to health. However, it was
used during the flight of an airplane. The airplane flies
through a cloud of air which is enriched by chlorine let out
from another airplane, from a factory chimney, or from nozzles
in the airplane that is studied [1, 5, 5a].

Among the physical methods we will first mention the sub-
limation method, which is based on the fact that the coating
from the appropriate material which covers the surface of the
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streamlined body sublimates more strongly in the turbulent
boundary layer region than in the laminar boundary layer
region. The basic requirement is that the color of the coating
differ from the color of the surface of the streamlined body.
Then it is possible to determine the transition line (boundary)
which appears as the boundary between the surface without a
coating, i.e. that part of the surface on which the coating
substance already passed into the medium flow as a result of sublimination,
and the surface on which the coating is still left (see Fig. 51).
However, in some cases the difference between these two parts
of the surface is not sufficiently marked, and it only stands
out better under intense slanted illumination [121]. The
following substances are mainly used for the coatings:
hexachloroethane, naphthalene, diphenyl, acenaphthene, hydro- /75
quinone, diethyl ether, fluorene, camphor, and borneol [116].
The surface of the object studied is sprayed dry by these
substances, and, if necessary, with the aid of a solvent, for
example, acetone, light paraffin, benzene or xylene fractions.
The type of surface finish must be taken into account when the
solvent is selected to prevent damage to the surface by the
solvent.

Fig. 51. Visualization of transition region of
flow with the aid of sublimation of naphthalene
coating [10].

With regard to practical use, hexachlorethane is most
suitable for a quick laboratory study of transition regions and
wakes. A 10% solution can be used for the spraying.
The coating that is formed has a white dull color, so that the
surface of the streamlined body must be black. At velocities
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of 50-130 km/hour a clear boundary is obtained for 30-120 sec
which is preserved approximately for 2-3 min after the model is
removed from the tunnel. Naphthalene, diphenyl and acenaphthene
are good indication substances for velocities from 150 to 700 km/
/hour. Acenaphthene can also be used to indicate the transition
at supersonic velocities, for example, at a velocity of 1900 km/
/hour the clear boundary was formed in 10 min. When a thick
azobenzene layer was used, a satisfactory image was also obtained
in 90 min at velocities of 2000 km/hour. Diethyl ether was
used for tests during flights on airplanes at low velocities
(200 km/hour). The image was developed in 10 to 45 min,
depending on the atmospheric temperature and the altitude of
the flight. Acenaphthene and fluorene were used for velocities
from 400 to 800 km/hour and the development time for the image
was in the range 8-30 min [116, 119, 120].

The other physical method, the so-called vaporization
methods, are similar with regard to the method of observation
and their use to mark the transition boundaries. In particular,
good results are obtained by a simple method called the method
of kaolin coatings [121, 122]. When this method is used, the
black coated surface of the streamlined body is covered by a
kaolin layer, for example a sprayed kaolin suspension. The
appropriate suspension is obtained from 100 ml of colorless /76
frigilene + 100 ml butylacetate + 100 ml butylalcohol + 50 ml
xylene + 100 g kaolin [5, 5a]. When the sprayed layer dries
it must be ground by fine emery paper to eliminate unevennesses
in the kaolin layer. After this, the layer is sprayed with a
volatile fluid; for low velocities of about 100 m/sec, nitro-
benzene is used, and for high subsonic velocities, ethyl
benzoate, methyl salicylate and isosafrole are used. As a
result of this, the original kaolin layer, which appeared as a
dull white, due to the diffu'sive reflection of the light, becomes
glossy, i.e. the light reflected on the layer is now regular
and the layer which is illuminated in a certain direction appears
as dark. When air is blown on the model which was prepared in
this manner, the sprayed volatile fluid vaporizes much faster
in the turbulent boundary layer region as a result of the
vigorous mixing of particles than in the laminar flow region.
Therefore, the surface region were the flow is turbulent becomes
dull, i.e. again lighter due to the diffusive reflection of
light, whereas the laminar region is still glossy and darker in
the appropriate illumination [121, 118]. The advantage of this
method is that the basic kaolin layer can be used many times.
However, sometimes this layer may affect (reduce) the un-
evennesses on the surface.

The next vaporization method, the method of fluid layers,
which is simpler than the method of kaolin coatings, is similar.
However, the contrasts in the results are not as great [5, 5a, 123].
When this method is used, the surface of the object is covered by
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a thin layer of a volatile fluid, for example, by means of
spraying or coating. Some of the volatile fluids that are used
have already been mentioned when the previous method was
described. During the flow around the body, the volatile
fluid vaporizes much faster in the turbulent boundary layer
region than in the laminar region, so that after a certain time
the fluid layer disappears behind the transition boundary, i.e.
vaporizes completely. The surface of the body should be
covered by a black dull paint to increase the contrast. The
advantage of this method is that the fluid layer which is very
thin has no effect on the unevennesses on the surface. The
method was also used at supersonic flow velocities [123, 131
through 134].

Among the methods which we called mechanical methods, the
frequently used method of fiber probes attached to the sur-
face of the streamlined body which is used to visualize the
flow near the surface should be mentioned first [1, 5, 5a, 124].
Two centimeter long silk fibers - frayed at one end whose
second end is attached to the surface of the body are usually
used in wind tunnels (Fig. 52). Fiber , probes at-
tached to the trailing edge of a wing are conveniently used to
visualize trailing edge vortices [58]. The directions of the
local velocities on the surface of the body can be determined
on the basis of the orientation of the fibers. The character
of the flow can also be inferred. When the fibers are
still, they are in the laminar boundary layer, if they oscillate
gently they are in the turbulent boundary layer, and if their
motion is violent and jerky, they are in the turbulent separation
region. The method can be used both in a tunnel and in a real
airplane in flight. However, it must be kept in mind that
the appropriate finish on the surface which is often used does
affect somewhat the character of the flow.

In the next method to visualize the flow,the surface of the /77
body is coated by a mixture of soot and paraffin. When air is
blown on the surface, the paraffin vaporizes and flowsin the
direction of the flow [125]. The soot is arranged in the
direction of the flow on the surface by the paraffin stream. The
transition regions and separation regions can be determined
very well by this simple method. Certain other oils can also
be used besides paraffin.

Another method in which the surface of the body is covered
by oil and sprayed relatively thickly with a fine powder, for
example, sulfur powder is also used. If highly humid air is
used as the flow medium, the precipitated water drops settle
on the body and form series as a result of the effect of the
surrounding flow which have the direction of the stream on the
surface [11].
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The body can also be coated by
oil and finely ground floating chalk
can be added uniformly to the gas flow
around the body. The chalk settles on
those areas on the surface where strong
turbulence occurs. The turbulent
boundary layer region and the turbulent
separation region are determined in this
manner, and in the last case the chalk
is introduced into the wake and it is
brought to the surface of the body by
the reverse flow [126, 129, 130].

A fine-powder, this time lycopodium,
which in light is a yellow powder with
grains whose linear dimension is about
0.04 mm can also be used for visualization

Fig. 52. Visualiza- in the following manner. The lycopodium
tion of flow on the is dried and the surface of the model
surface of a wing from which grease was removed which was
with the aid of polished and coated by a dark paint
fiber probes [5]. is sprayed by it. Next, the blower

is turned on in the tunnel and the
powder remains on the surface of the

model onto which the air is blown at those places where the
velocity of the air in the layer adjacent to the model whose
thickness is approximately equal to the dimension of the grains
is not sufficiently high to blow away the powder. Hence, the
powder remains in a relatively thick laminar boundary layer;
however, it is blown away from the leading edge where the /78
laminar boundary layer is thin, and also from places where the
boundary layer is turbulent, so that the velocity gradient
near the surface is large. The method is suitable for velocities
approximately up to 30 m/sec. At higher velocities the laminar
boundary layer is too thin [118].

Recently a method has been applied successfully in which the
surface of the streamlined body is coated by an oil layer which
has a fluorescence effect in ultraviolet radiation. During the
flow around the body, the thickness of the oil film that is
formed is affected by the tangential stress on the surface of
the body caused by the flowing air. The oil is spread along
the surface and vaporized, so that the oil layer has a shape
which is related to the magnitude and direction of the
tangential stress on the surface. The differences in the thick-
ness of the oil layer can be distinguished well when it is
irradiated with ultraviolet rays in which the oil fluoresces,
since theplaces where the oil layer is thicker emanate more
intense light. Since the thickness of the oil film which is
affected by the flow is maintained for a certain period which
depends on the viscosity of the oil used, the model can be
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removed from the tunnel and photographed under ultraviolet
radiation even after the flow is interrupted.

To use the method successfully it is necessary that the
surface of the model have a white non-fluorescing color and that
it not absorb the oil used. The surface must be white or
glossy, since it reflects both the incident ultraviolet radia-
tion and the fluorescent radiation that is induced, which
strengthens the observed effect.

The method is very suitable for visualizing the regions of
laminar and turbulent flow, reverse flow and flow separation.
It can also be used to determine the positions of pressure
maxima and shock waves. It can also be used at high velocities,
for example, Fig. 53 shows the visualization of a row of
vortices in the boundary layer during supersonic flow around
a plate (M = 3).

When transverse flow in the boundary layer must be studied,
it is more advantageous to place the oil on the surface of the
streamlined body in small separate drops or in longitudinal /79
strips. The direction of the tangential stress on the surface
can then be determined well from the changes in their shape.

Fig. 53. Visualization of vortex rows on the
surface of a wing using an oil film. Photograph
in ultraviolet light [1351.

The selection of the oil is based on its viscosity on which
the capacity of the oil layer to adapt to the flow, the time
during which the oil will adhere to the model in a sufficiently
thick layer and the time during which the oil layer will remain
in the transformed form after the flow is interrupted depend.
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Since these two effects of the viscosity of the oil are in con-
flict from the standpoint of the method under consideration,
it is necessary that a preliminary test be made in each case
to select an oil with the appropriate viscosity. It is also
necessary that the selected oil wet easily the surface of the
model. At low velocities of the flow basically oils with a
smaller viscosity are adequate; at higher velocities, oils with
greater viscosities must be used. Ordinary motor oils can be
used [135, 136, 137].

The thickness of the fluid film on the surface of the body
affected by the airflow around it can be measured on the
basis of the light interference in this thin layer [128].
When the light is reflected from the thin layer, the rays
reflected from the top surface of the layer interfere with the
rays reflected from the bottom surface of the layer. At those
points of the layer where its thickness t satisfies the condi-
tion for the vanishing of the light as a result of interference
dark fringes are formed. These are the points where one ray
passing through the layer is delayed so that it encounters the
other ray reflected from the top layer of the surface in the
antiphase [15, 16]. In order that the rays encounter in the
opposite phase, it is necessary that the path covered by the
first ray inside the layer be an odd multiple of half the
wavelength Xv, which is the wavelength of the light used in the
fluid forming the layer. Hence, when the incident monochromatic
parallel light waves are approximately perpendicular to the
fluid layer, dark fringes are formed at the points where the
thickness of the layer d satisfies the condition

2,d (2 , where k , 2. 3, (30)

If the incident monochromatic light has wavelength A
in vacuum, its wavelength Xv in the fluid forming the layer
is

an '(13)

where n is the absolute refractive index of the fluid forming
the layer. Hence, condition (30) can be modified to

. where (32)

n73
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so that the dark fringes are formed at points at which the thick-
ness d of the layer is equal to one of the values A/ 4 n, 3A/4n,
5X/4n, ...

If the thickness of the layer varies with time, the inter- /80
ference fringes move and the number of interference fringes
passing through a selected point on the surface of the streamlined
body per unit time will be proportional to the change in the
thickness of the layer over time.

The methods that were described can also be used to
determine quantitatively the skin friction. It is assumed
that the change with time (reduction) in the thickness of the
layer is proportional to the local value of the skin friction
[128].

The fluid used to form the layer must thoroughly wet the
surface of the model and it must vaporize at the appropriate
rate (relative to the velocity of the airflow around it).
For example, ethyl alcohol, methyl alcohol, iso-octane and
xylene are good wetting agents, but vaporize slowly, while
toluene, benzene, isosafrole, cyclohexanol, isoamyl alcohol and
water vaporize well, but do not wet so well [128].
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Part 3. Methods Based on the Use of Natural in the Optical /81
Properties of the Fluid Formed During the Flow

The third basic group of methods for visualizing the flow
are methods which are based on the use of natural changes in
the optical properties formed in the fluid during the flow. The
advantage of these methods is that no other particles besides
those forming the medium flow or foreign bodies which could
possibly have an effect on the flow are introduced into the flow.

3.1. Methods in Group 3 Which Are Suitable for Visualizing
the Flow of Fluids
(Use of temporary birefringence during the flow.)

The temporary birefringence during the flow can be used to
visualize the flow of fluids [145]. This phenomenon can be
observed in many types of colloidal and pure fluids, for example,
in aqueous solutions solutions of clays such as halloysite,
bentonite, aqueous solutions of gels, and also dissolved
anhydroglucose, vanadium dioxide , etc.

Transient birefringence is a phenomenon during which some
substance which is otherwise optically isotropic becomes
optically anisotropic and birefringent when a certain field of
force acts on it. Hence, in such a case the substances acquires
optical properties found in certain crystals, for example,
limestone, which are polarized in mutually perpendicular planes,
whose propagation velocity in the birefringent substance
under consideration can be different, so that each of the
two rays has a different refractive index. The difference An
in the refractive indices associated with these two rays can be
considered as a datum which determines the birefringence value.
For example, An can be determined with the aid of a compensator
when the birefringent substance that is studied is observed
between the crossed nicols.

The field of force which can cause temporary birefringence
in the fluids may be an electric field (the Kerr effect), a
magnetic field (the Cotton-Mouton effect) and also the hydro-
dynamic field of force formed in the fluid during the flow as
a result of internal friction. The last phenomenon that was
mentioned was detected by Maxwell [145] already in 1873 during
his study of the flow of Canada balsam in an annular layer.
This phenomenon was later observed, as we already mentioned in many
types of colloidal solution and pure fluids.

The mechanism by which temporary birefringence is formed /82
during the flow depends on the type of particles suspended
in the fluid flow, or possibly, in the case of a pure fluid,
on the molecules of the fluid flow. All cases can be classified
into two basic groups.

75



In the first case, the particles suspended in the fluid flow /83
approach by their properties and shape solid undgfgrmed rods
or plates with dimensions on the order of 103-10 A. These
particles themselves are birefringent; however, in a fluid
which is not subjected to the effect of the appropriate field
of force, the solution will appear to be optically isotropic
as a result of the disordering caused by the rotational brownian
motion of these particles A certain region of the fluid becomes
birefringent only when the particles are statistically ordered
in the fluid as a result of the effect of the tangential stresses.
The effect of the tangential stresses on the ordering of the
particles is of course disturbed by the brownian motion of these
particles, so that the resulting statistical ordering is the
result of the effect of the tangential stresses in the fluid
and the brownian motion of the particles. Hence, the ordering
is not static, but we have the case when the direction in which
the particles are oriented on the average, and hence also the
direction of the optical axis of the fluid layer formed by these
particles are given by the direction of the longer axes of
the particles at the instant when the angular velocity of the
particles is a minimum. The degree of orientation can be
characterized by the parameter a = G/$, where G is the
velocity gradient and D is the rotational diffusion constant.
0 is a measure of the intensity of the Brownian motion and it
depends on the dimensions and shape of the particles in the
fluid. To each velocity gradient G corresponds a certain dis-
tribution of the orientation directions of the rod-shaped
particles. As the gradient G (or the parameter a) increases,
this distribution narrows, and the birefringence value in-
creases. The first group includes, for example, the tobacco
mosaic virus, clays such as halloysite, bentonite, and also
various proteins.

The second group includes polymers. Their particles can be
replaced for theoretical considerations by a spherical or a
dumbbell model. However, these particles are deformed in the
fluid flow as a result of the effect of the tangential stresses
(similarly as in the photoelastic phenomenon), for example,
spheres are deformed into ellipsoids, resulting in their optical
anisotropy. In the entire fluid region subjected to the effect
of forces, the birefringence value is also affected by the
orientation of the deformed particles. We can also include in
this group pure fluids in which the direction of the statistical
orientation of the molecules almost does not vary with the
magnitude of the velocity gradient G, so that for them the
birefringence formed depends mainly on the deformation of the
molecules.

In addition to the birefringence value, another datum must
be known for practical application, i.e. the so-called orientation
angle (extinction angle) X, which is defined as the angle
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subtended by the principal optical axis of the fluid layer at
a certain point and the direction of the flow at this point.
By measuring An and X at the selected point of the two-dimensional
fluid flow layer, we can determine from these data under
certain assumptions (see p. 81) the magnitudes of the velocity
gradient G and the local direction of the flow, since for all
groups of fluids it was determined that An and X are functions
of the velocity gradient G (see Fig. 54):

An = f(, (33)

Z =- (G). (34)

To determine the experimental values of the quantities
An and X for the relations (33) and (34), equipment called,
according to Cvetkov [139], a dynamooptimeter is used. This
equipment is based on the principle of a rotary viscosity meter.
It consists of two coaxial cylinders, one of which can be
rotated. The measured fluid in the space between the two
cylinders is observed with the aid of a polariscope.

The use of temporary birefringence to obtain characteristics
of the flow is based on the fundamental relations (33) and (34).
This means that by measuring the birefringence value at various
points of the fluid flow region it is possible to determine,
on the basis of relation (33), at these points the magnitude
of the velocity gradient G,and from it,with the aid of the
orientation angle X additional data without disturbing the flow
by any measuring sensor. Also it is necessary to determine
for the fluid used the behavior of the functions f(G) and
g(G) which can be done, for example, with the aid of the
dynamooptimeter that was mentioned. Of course, those fluids
for which f(G) is linear in the required range of velocity
gradients and X is nearly constant in the same range are most
suitable. (The proper fluids and their use for hydrodynamic
purposes were studied by Weller [140]).

Since the flow when the behavior of the functions f(G)
and g(G) is determined with the aid of the dynamooptimeter is
a flow where the direction of the velocity gradient is per-
pendicular to the direction of the flow, when the method is
applied to other cases the question arises whether this condi-
tion must be preserved. A reliable use of the temporary
birefringence to obtain characteristics of the flow in more complex
cases would require that the question be answered and that the
assumption that the direction of the velocity gradient in
colloidal solutions can be determined on the basis of the value
of the orientation angle X be confirmed. However, so far, the /84
necessary experimental and theoretical prerequisites are not
yet available.
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The experimental equipment which
takes advantage of temporary birefringence
to study the flow consists of a
channel in which the flow must be
studied or into which objects are
inserted, the flow around which
interests us. The bounding surfaces
of the channel which are parallel
to the plane of two-dimensional
flow which is studied in the
channel consists of plane-parallel

Fig. 54. Birefringence glass plates. The channel is
attached to a unit which ensures

the passage of the fluid and the
versus velocity entire set forms the hydraulic

tunnel. Basically, two layouts are
possible. One is a gravitational

tunnel, a combination in which the fluid flows out from the
reservoir of the channel under the effect of its own weight.
This tunnel can also be equipped so that the fluid that flows
out is brought back to the reservoir in which a constant level
is maintained. The second combination is a circulation tunnel,
a closedhydraulic circuit in which a pump ensures the circula-
tion of the fluid. The disadvantage of this layout is that the
character of the flow can be affected by the vibrations
caused in the fluid by the pump, which is a disadvantage,
especially when transient phenomena are observed. This basic
hydraulic unit has a companion optical equipment unit, a polari-
scope, which is entirely analogous to the polariscopes used
in photoelasticimetry. It consists of two polarization filters
(or nicols), a light source, and possibly also of a quarter-
wave plate and compensator.

Two methods can be used during the measurements. We can
either measure individual points in the channel or observe the
entire measurement space simultaneously. The first method is time
consuming, but it is useful in cases when it is necessary to
determine the birefringence values in a small part of the channel
(for example, in the boundary layer), especially when a low-
sensitivity fluid is used or when the flow has a small velocity
gradient. The cover glass of the channel has a mesh, and with
the aid of the polarization equipment, the birefringence values
are measured by the compensator at the points which correspond
to the intersections of the mesh, or the entire polariscope
is mounted on a slide bed with the aid of which the axis of
the polariscope can be set in the desired position. When
small parts of the channel are measured using single-ray
equipment, very small changes in the position of the ray can be
obtained with the aid of a rotary glass plane-parallel plate
inserted in the path of the ray before the inlet to the
channel. During such exact measurements, of course, it is
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necessary to take into account the effect of the birefringence
of the cover glasses on the values that are obtained. The
basic schematic diagram of the equipment for the case when
nicols and the Babinet-Soleil compensator are used,is given in
Fig. 55. However, a polariscope with polarization filters can
also be used and the birefringence value can be measured using /85
a goniometric compensator, which is common practice in
photoelasticimetry.

Another method can
also be used in cases
when the velocity

1 2 4 5 gradient and the sensi-
i I tivity of the fluid are

such that in the flow
region analyzed bi-
refringence occurs whose
value causes a phaseFig. 55. Single-ray polariscope value causes a phase

(1. light source; 2. ni.ol shift of the split
polarizer; 3. analyzed fluid; rays which corresponds to

several times the wave-
4. compensator; 5. nicol
analyzer). length of the light used.

Interference fringes
are then formed behind

$ 5the analyzer which can be
5 5 .. .8 9 photographed or plotted,

and the required charac-
--- -. teristics of the flow can

then be determined from
them. The schematic
diagram of the optical
part of the equipment

Fig. 56. Polariscope for the used for this method
analysis of a flow field of rela- is given in Fig. 56.
tively large dimensions (1. light These methods are suitable
source; 2. condenser; 3. polari- in both versions for the
zing filter polarizer; 4 and 6. study of cases of plane
quarter-wave plate; 5. analyzed flow. Therefore, the
fluid layer; 7. polarizing rays of light that are
filter analyzer; 8. objective; used must be perpen-
9. camera). dicular to the plane of

flow during their
passage through the channel.

The origin of interference fringes, for example, in
fluids with undeformable particles (these fluids which have a
high sensitivity are most suitable for visualization of flow
using the method under consideration) can be explained as follows.
The particles which have birefringent properties are arranged
in the two-dimensional fluid flow by the tangential forces into
rows (in the sense of their orientation distribution). A row
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of such oriented particles behaves like a crystal from the stand-
point of optical properties and splits the incident ray of
linearly polarized light into two linearly polarized rays whose
vibration directions are mutually perpendicular and lie in the
orientation plane (i.e. in the plane given by the statistical
orientation direction of the longer axes of the oriented
particles) and in the plane perpencidular to it. The refractive
index for the two vibration directions is not the same. There-
fore, the split rays propagate through the fluid at different
velocities cl and c2 and leave it with a shift in phase. Both
rays require different times for passage through a fluid layer
of thickness t:

t t t
T1 -- -- Il , T, T -- }i. "

C1  C C, c

where c is the velocity of light in vacuum,and ni and n2 are the
absolute refractive indices of the two rays under consideration
in the fluid forming the layer. Hence, the time difference is

which corresponds to a phase shift /86

t i

(35)

The analyzer;whose polarizing plane is perpendicular to the
polarizing plane of the polarizer,are the two rays which have
the same frequency and amplitude and are oriented in the same
vibration direction so that they can interfere. The conditions
which determine when the dark interference fringes will be
formed follow from the follow following expression (36). Fro~ he
graphical representation (see Fig. 57) it follows for the ampli-
tude Ar of the emanating light that

Ar 2 = Ao02 . in,2 2 sin2

where AO is the original amplitude of each of the two rays,
and the meaning of the angle y is obvious from Fig. 57 (sp
denotes the direction of the flow). Since the intensity of the
light is proportional to the square of the amplitude, we obtain
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for the ratio of the intensity JO of the ray entering the fluid
under consideration to the intensity Jr of the ray leaving the
analyzer the relation

2 = sin 2 27 - sin" - sin 2  sin2  (-- n
Jo _Ao 2 0 (36)

where we did not take into account light absorption.

Hence, the light will vanish (dark fringes) in the following
cases (we assume of course that JO / 0):

a) for y = 00 or
y = 900, i.e. when the optical
axis of the fluid layer has
the same direction as the
vibration direction of the

I analyzer or polarizer. TheR dark lines in the field of /87
A, view corresponding to these

2 isocline lines, with the aid
I of which the statistical

_ FP orientation direction of the
A c particles can be determined.

The isocline lines vanish when
circular polarized light is
used, which is obtained from
linearly polarized light with
the aid of quarter-wavelength
plates.

b) the next case when the
intensity of the emanating
light drops to zero is given
by the condition sin s/2 = 0.
This condition is only

satisfied when An = 0, i.e. when the velocity gradient G = 0.
Thus those points in the field of view will be dark where the
velocity gradient is zero. By analogy with the terminology
used in photoelasticimetry, these points can be called singular
points or possibly lines.

The condition sin E/2 = 0 can also be satisfied according
to (35) when

t
SAn = = ;; where i = 12. 3, 4 ..
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The points in the fluid flow where such condition is satisfied
appear as dark only when observed in monochromatic light. In
white light, these fringes resulting from interference at a
particular wavelength become a bundle of colored interference
fringes corresponding to the wavelenths of the white light
components. These fringes are called isochromatic lines. Since
they satisfy An = i(X/t) = const, they are actually the locus
of the points in the plane of flow at which An has the same
value.

Assuming that relations (33) and (34),which are found
experimentally in the case when the velocity gradient is per-
pendicular to the direction of the flow (see p. 76) can be used
for the general case of flow, it is possible to determine from
the isoclinic lines with the aid of the orientation angle X
the direction of the flow.

If we select a fluid for which An = kG, where k is a con-
stant, the isochromatic lines connect the points with a
constant velocity gradient G, since in this case G = i(X/kt) =
= const along the isochromatic line. i = 1 is associated
with the isochromatic line which is closest to the singular
line; therefore, it is called a first-order isochromatic line
and the velocity gradient has the same magnitude G = l(X/kt) =
= X/kt at all points on the line; i = 2 is associated with the
next isochromatic line (second-order isochromatic line), and
the magnitude of the velocity gradient at its points is
G = 2(X/kt).

Thus, for example, for a completely developed laminar flow
between parallel plane plates, we obtain the image of the
isochromatic lines in the form of a system of parallel dark
fringes at equal distances from one another (see Fig. 58 a)
which corresponds to a parabolic velocity profile. In the
subsequent photographs (Fig. 58 b, c) are interference images /88
obtained during the flow around a cylinder between parallel
walls at a very low Reynolds number [144].

Since the magnitudes of the gradient can be determined on the
perimeter of the streamlined bodies, the magnitudes of the
frictional resistance can also be determined. During turbulent
flow, the sharpness and connectedness of the fringes disappears,
so that although they cannot be used to determine quantitatively
the characteristics of the flow in the sense that was mentioned,
they can be used to analyze transition phenomena [1421].

The photographs of the interference images that are presented
were made with the aid of equipment whose basic hydraulic unit
consists of a simple gravitational tunnel. The channel is bounded /89
by parallel walls. The passage from the reservoir to the
channel is designed continuously by bending these walls. The
sides of the transverse rectangular cross section of the channel

82



Fig. 58. Interference images obtained using the
birefringence method during the flow [144]: a) flow
between parallel plane plates; b), c) flow around
a cylinder at a very low Reynolds number.

are: width 2 cm, depth t = 15 cm. Hence, the ratio of the depth
to the width is 7.5. The selected ratio must be sufficiently
high to suppress the effect of the forces exerted by the trans-
parent walls of the channel on the fluid. These walls are
perpendicular to the direction of the rays of the light used
and parallel to the plane of the model of the two-dimensional
flow which must be obtained. However, a high value of this ratio
leads to difficulties during photography. The fluid that was
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used was a gelatin solution in the initial gelatinized state.
Hence, the motion of the gel in the channel was very slow [144].

3.2. Methods in Group 3 Which Are Suitable to Visualize the Flow
of Gases

Some methods from group 3 are very often used to visualize
the flow of gases, since they provide quantitative data in
certain cases and are also suitable for studying flows with
high (supersonic) velocities. The compressibility of gases
is the property without which these methods could not be used.
When these methods are used, advantage is taken of the changes
in the refractive index of the gas flow caused by pressure
changes and thus also changes in the density or possibly temperature.
Since these changes in the refractive index cannot be seen by
the naked eye, in most cases various optical apparatus is used
for their visualization, and the associated methods can be
classified into several main groups. In the first three groups,
light refraction is the basic phenomenon which makes visualization
possible. Therefore, we will call all these methods refraction
methods. They are also call schlieren methods (from the German
word "die Schliere"). The next two groups take advantage of light
interference. Finally, the last groups include methods
based on taking advantage of the dependence of the attenuation
of various types of electromagnetic and corpuscular radiation
on the density of the gas through which this radiation passes.

Hence, in Section 3.2 we will discuss the following methods
or groups of methods:

1. the shadow method
2. diaphragm schlieren methods
3. diaphragm schlieren method with a colored image
4. interferometric methods
5. phase contrast method
6. methods based on taking advantge of the attenuation of

electromagnetic or corpuscular radiation during passage
through the gas flow.

These methods will be discussed in detail in Sections 3.2.1
through 3.2.6, and whenever necessary,these numbers will also
be used to describe them, i.e. for example, diaphragm schlieren
methodswith a colored image will be called methods in group
3.2.3, etc.

In all methods from group 3.2 the information about the flow /90
is basically obtained from the local changes in the illumination
of the field of view of the observation equipment, for example,
from the changes in the state when the medium is at rest. When
we observe a ray of light passing through the gas layer that is
analyzed (see Fig. 59) we find that if the layer is homogeneous
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the particle is incident to the screen S at the point P at the
instant t in the direction 0 (characterized, for example, by the
three corresponding direction cosines), whereas if there are
inhomogeneities in the layer, the ray is incident at a point
P* at the instant t* in the direction 0*, which results in a
local change in the illumination of the screen. Using optical
apparatus, it is possible to obtain on the screen either a
record of the phase shift corresponding to the time difference
T = t* - t (methods in group 3.2.4) or a record of the deviation
e = 0* - 0 (methods in group 3.2.2) or a record of the
displacement of the track AP = P*P (methods in group 3.2.1)
or possibly a combination of these records. The corresponding
T, c and AP must then be found from the records, and from these
the local values of the absolute refractive index n = n(x,y,z)
of the object through which the rays pass. From the values
n that were found, the local density values of the object can
be calculated, and from these, subsequently, other data.

To obtain results which will aid in evaluating quantitatively
the images of the flow obtained by the methods in group 3.2,
we will use the following arguments.

Suppose that a bundle of parallel rays passes through a
medium which is bounded by the two parallel planes 1 and 2 at
a distance x2 - xl from one another. The incident rays are
perpendicular to plane 1i, which is closer to the light
source, and they are parallel to the direction of the X axis
of a rectangular Cartesian coordinate system. The optical
properties of the medium are characterized by the absolute
refractive index n of the light used. Suppose that the medium
has such inhomogeneities that n changes continuously in the
planes which are perpendicular to the X axis and does not change
in the directions which are parallel to the X axis, hence,
we have a plane field, i.e. n = f(y,z). The shape of the
ray of light in such a medium is described by the Fermat prin-
ciple, according to which the optical path of the ray is
extremal. The optical path covered by the rays between two
points which will be denoted by 1 and 2 since concretely we /91
assumedthat the first point lies in the plane 1 and the
second in the plane 2,is given by the expression

Sd (37)

where ds is an elementary arc of the trajectory of the ray. This
expression is a functional, i.e. generally it takes on
different values on each curve connecting the points 1 and 2.
According to Fermat's principle, the actual trajectory is the
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2S} curve on which-the functional (37)
has an extremum. Since the necessary
condition for the extremum of the

Sp functional is that its first variation
S , vanish [20], the relation

L.. ( J v d. = 0. (38)
1 1

Fig. 59. must hold on the actual trajectory.

Expressing the trajectory of the
the ray as the intersection of
cylindrical surfaces

(39)

we have y i(x). = 2 (x).

ds= 1/dx2dy d 2 dx 1 - ( xl -- (-l dl

Hence relation (38) can be written in the form

6fn i/1-- y' -'2 dx = =.

1 (40)

It has been proved in the calculus of variations[20] that the
function (39) for which the functional (37) has an extremum,
i.e. the function satisfying condition (40),must be the solution
of a system of so-called Euler differential equations. In
our case, the Euler equations have the form:

y12 124P
Cn ,, , d y 1 2

86dx Y '
2
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The expressions y' = dy/dx, z' = dz/dx are the angular
deflections of the passing light from the original direction,, which
was parallel to the direction of the X axis. These deflections
are very small in the usual cases that will be discussed,
so that their squares can be ignored in comparison with unity.
(This and additional simplifications lead to errors in the quan- /92
titative evaluation, since they do not take into account the already
existing deflection of the ray from the original direction
in the layer that is studied. This is further compounded by
the effect of the glass covers of the measurement space on the
flow. The boundary layer on these walls is responsible for the
fact that in concrete cases the flow in the tunnel is not
exactly planar. If very accurate results must be obtained in
the evaluation, these errors must be limited by means of various
corrections which complicates the calculation [146, 146a]).

Ignoring y,2 and z'2 compared to one, equations (41)
take on the form

an d- C (n y'),

an d (42)

-z dx

In these equations n is independent of x, since we assumeda
plane field n = n(y,z), and consequently the partial derivatives
an/3y and an/Dz are also independent of x. However, the quan-
tities y' and z' depend on x. Integrating each equation in
(42) with respect to the variable x from x = xl to x = x2 , we
obtain:

C'(x2  X ) = ny'(x - '(x, yZ)
cy

71, (43)__ (X x ) = 11=' (XC,'y,Z) -- y, j]

The relations that were obtained can be further simplified
formally. As a consequence of the assumption that the incident,
rays are perpendicular to plane 1 (the plane x = xl) ,
y'(xl,y,z) = 0, z'(xl,y,z) = 0. Therefore, without making an
error we will write henceforth, for brevity, y' instead of
y'(x2,y,z) and similarly z' instead of z'(x 2 ,y,z). Of course,
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we must remember that y', z' now mean the angular deflections
of the ray passing through plane 2 (the plane x = x2) at the
point with the coordinates x2 , y, z, from the direction of the
X axis.

Using the notation that was just introduced, from equations
(43) we obtain the relations

(fl 'ly

(44)

from which the an/3y , Dn/iz can be determined, i.e. the y-th /93
and z-th component of the gradients of the refractive index
(the x-th component is zero, since by assumption n is independent
of x) at any point of the field, provided we know from the ex-
periment the angular deflections, of the rays when they leave
the layer whose thickness is x2 - xl. Although theoretically
we must always substitute the local value n = n(y,z) of the
refractive index (which is unknown and for which we try to prove
that it can be determined at least approximately), we can sub-
stitute the refractive index no instead of n (in cases that
will be discussed below) of the substance forming the medium
flow in the case when the flow does not cause inhomogeneities
in it. Hence, for example, the refractive index of the medium
flow outside the inhomogeneous region that is examined can be
substituted. This procedure can be justified by the fact that
the value of the refractive index varies insignificantly from
point to point in comparison with the change in the gradient of
the refractive index.

If no is the refractive index of the medium flow at the
point with coordinates x, yo, z0 , i.e. no = n(yo,z 0 ), the
relations

n (y, zo) = no -7 dy,
ay

(45)
n(yo, z) = wo o dZ

hold, since by assumption the refractive index is independent of
x. These relations are derived without any physical considerations,
only on the basis of a simple mathematical argument. The
relations show that if the components of the gradient of the

88



refractive index have already been determined. (on the basis of
experimental data) according to (44), by integrating them the
values of the refractive index can be determined at any point
of the field. In practice, of course, the corresponding
integration must be a numerical or graphical integration, since
the components an/ay, an/3z of the gradient of the refractive
index determined from the experimental data are obviously only
known numerically, not analytically.

In was already mentioned that the corresponding local changes
in the density of the medium flow can be inferred from the
local changes in its refractive index. The relation

n 2 - 1 1
= const (46)n 0

is valid, where n is the absolute refractive index and p is the
density of the transparent medium under consideration. This
relation expresses the fact that,during a change in the density
of the transparent medium caused, for example, by the effect of
pressure, the specific refraction does not change (the Lorenz-
Lorentz law). Further if the absolute index of the medium
under consideration differs very little from one, for example, /94
as in air, the left member in equation (46) can be modified
approximately as follows:

2 n - 2 3

so that (46) takes on, in this case, the form:

nl - 1
=K, (47)

where K is a constant, giving the Gladstone-Dale relation.

The value of the constant K can be determined by substituting
the corresponding values for p and n. Thus, for example, under
normal conditions (000C, 760 torr) for sodium light at wavelength
X = 0.589 pm,air has a refractive index no = 1.000292, and the
density of the air is P0 = 1.293 k .m-3 hence for air the value
of the constant K is KO = 2.26*10- kg-l.m 3 .

Equation (47) implies:
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enKO (48)

hence it is obvious that using equations (48) and (44) the
density gradient or the density at an arbitrary point of the
field can be determined directly from the values of y', z'
that were determined experimentally[4, 5, 5a, 147, 156, 162].

Let no be the refractive index of air (or another gas) in
the layer whose thickness is x2 - xl,and let p0 be the density.
If the density of the air in the layer changes to the value
p, the refractive index of air changes to the value n. If
n is greater than no, the time needed for the passage of the
ray through the layer in the second case (for the refractive
index n) is greater than in the first case (for the refractive
index no) by the time

X - 1 (49)

where c is the velocity of light in a vacuum. After it leaves
the layer, the ray enters in both cases the same surrounding
medium in which the velocity of the light is c', its density
is p,and the absolute refractive index is n' = c/c'. In this
surrounding medium, the displacement

fl - n0
A' = cT -? T (x 2 - X). (50)

along the trajectory corresponds to the time shift T. If we /95
determine T or As from the results of the experiment, we can
determine the difference between the change in the refractive
index n of air, for example, during flow, and the original
refractive index nO of air, for example, when it was quiescent
in the layer studied.

The necessary experimental data are obtained with the aid of
various optical devices which will now be described together
with a more detailed analysis of the individual methods.
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3.2.1. Shadow Method

The simple refractive method uses the simplest equipment.
This method is based on a phenomenon which was observed during
the passage of light through transparent objects (glass
objects, gas layers) with local inhomogeneities [161]. The
pencil of rays entering the object at all points of its cross
section with the same intensity impinges after the passage
through the object on the screen with local changes in the
intensity, and subsequently points with greater and smaller
illumination corresponding to the inhomogeneities on the
object appear on the screen (turbidities, schlieren, from the
German "die Schlieren"). Certain characteristics of the flow
can be determined on the basis of similar changes in the screen
illuminated by the pencil of rays that passed through
an airflow layer (or another gas). For
example, the region occupied by the wake, the shape and type
of shock wave, the local Mach number, the region of turbulent
flow, etc. can be determined from their image on the screen.

The local relative change AA/A in the illumination A of
the screen corresponding to the inhomogeneities in the air
layer depends on the changes in the gradient of the refractive
index at the corresponding points of the layer. This
relation can be expressed approximately by expression (57)
below which is derived using the following argument:

We introduce in the plane of the screen whose distance
from the layer is L rectangular Cartesian coordinates y, z
(we are still using the same coordinate systems and the same
notation as on pages 84-89). The illumination A of the screen
by the light rays passing through a layer without inhomo-
geneities will be described by the functionA = A(y,z).
Now let us study the ray (Fig. 59) which is incident to the screen
the point P(y,z) (when there are no inhomogeneities in the
layer). If there are inhomogeneities in the layer, the same
ray will be incident at some point P* with the coordinates

2 Yl ~(51)

Assuming that the functions 1, ¢2 are continuous, all rays
which after passage through the layer without inhomogeneities
were incident at an element of area dS of the screen which
includes the point P, will be incident after passage through an
inhomogeneous layer at a certain element of area dS* of the /96
screen, which includes the point P*. Hence, by the definition
of illumination we will have, for the ratio of the illumination,
A*(y*,z*) by the rays passing through the

j0
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inhomogeneous layer at the point P* (on the area dS*) of the
screen to the original illumination A(x,y) at the point P
(on the area dS)

A*(y*, z*) dS

A (y, z) dS* (52)

The ratio dS/dS* can be expressed, as is well known, with
the aid of the Jacobian of the image (51). During its
calculation we will apply similar simplifying assumptions
as on p. 85, i.e. we will assume that the differences
Ay E y* - y, Az E z* - z are small, and that their first deriva-
tives are small compared '. to 1, so that the products of
these derivatives can be ignored. In this case we obtain, for
the Jacobian J, using the identities y* = y + Ay, z* = z + Az

! y* * (y) ( )

c(ECi Y zy (53)
Oz iz cz

The expression that we obtained is obviously positive, since
we assumed that the partial derivatives in it are small com-
pared to 1, so that IJI = Jholds. Since dS/dS* = 1/JI holds for
the ratio dS/dS* in relation (52), we can write (52) in the form

A - ) E (
A*- (54)

Finally, we also note that

Ay = LU' A = L(55) (55)

holds, where L is the distance of the screen from the layer,
and y', z' are interpreted as on p. 85, so that their expressions given
by equations (44) can be substituted for them. We willuse
such an expression for y', z' but we will write it formally
differently. If, in the step from equations (42) to
equations (43),the integrals in the left members are only
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expressed symbolically,i.e. not evaluated, equations (44) can bewrittery97
formally somewhat differently, namely so that we obtain from
them the expressions

Sz dx. (56)

for y' and z'. If we also set in these relations n = no, a
possibility we discussed on p. 88 and substitute these in re-
lations (55) which in turn are substituted again in (54),
we obtain finally the sought expression for the relative change
in the illumination (the so-called contrast)

A A* A* "

X, (57)
L I'( -2n ci, dx.

where the first equality is valid by the definition of the
contrast.

However, the use of expression (57) for a quantitative
evaluation of the density field is laborious and it is not used in
practice except in a few exceptional cases. See also the
remarks about the results obtained using the simple refraction
method on p. 96.

It follows from equation (57) that the change in the
illumination on the screen occurs at those points which corres-
pond to the points of the layer at which [(@ 2n/@y 2 ) + (32n/3z 2 )]
is different from zero. To simplify the discussion, let us
assume for a moment that n is only a function of y, i.e.

AA L Pn
n = f(y). Then A 0  -dx , so that a change in the

illumination will not occur when a2n/ay 2 = 0, i.e. when the
gradient of the refractive, index is either 0 (homogeneous field)
or constant [(an/ay) = const]. In the first case the rays will
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not change their direction, and in the second case all rays of
the pencil will be deflected from the original direction which
they had before the layer when they leave the layer, but
always by the same angle, so that the illumination on the screen
will again be uniform. If,at some point of the layer, the
relative change in the gradient of the refractive index is
positive [(D2n/3y 2 ) > 0], the rays passing through the layer at
the point corresponding to the larger y are more deflected
when they leave the layer than the rays passing through the
point corresponding to the smaller y, and the illumination in
the corresponding region of the screen will be smaller than
in the case when the layer has no inhomogeneities. Conversely, if the /98
relative change in the gradient of the refractive index is negative
[( 2 n/9y 2 ) < 0]>,the illumination at the corresponding point on
the screen will be increased (see Fig. 60) [5, 5a]. When we take into

account equations (48)
it is obvious that
dark points correspond
to a positive relative
change in the density

rt ; j, gradient (an increasing
idy 2 yE density gradient) and

S . lighter points to a
S Y : negative relative change

in the gradient. ThUs,
for example, the image
of a shock wave (for a

Fig. 60. comparison with the
previous argument we
assume that the wave
propagates in the direc-
tion of the positive

S- y axis, see also Fig. 61)
obtained by this method,

\ is formed by two fringes,
-> / : " a dark fringe in the

front part of the wave
- - and a light fringe in

the rear part of the
wave.

Fig. 61.

The changes in the
illumination are naturally

greater during greater relative changes in the density gradient.
Therefore, this method can be used advantageously for high
subsonic and supersonic velocities when relatively great
changes in the density gradient induced by observable changes
in the illumination can occur.

The optical equipment needed to apply the method is usually
arranged in two ways: a) with a divergent pencil of rays in the
measurement space, b)with a parallel pencil of rays.
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The first method does not require any lenses or mirrors.
In the simplest case it consists of a high intensity point
light source, a screen or possibly a camera (Fig. 62).
The light sourcesused most often are high-pressure, high-
performance discharge tubes. Optically, a spark discharge was used as the
source,which was obtained by discharging the condenser through
the spark gap, which is still used successfully (therefore this method
is also called the spark method and the photographs that are
obtained, spark photographs). This method was used to ob-
tain images of the flow around projectiles in flight [162].
Spark illumination is still the most convenient means for
the study of projectiles in flight, and it can also be used to
study the motion of unstable pressure waves. Other light
sources can also be used, such as arc lamps, bulbs and discharge
tubes [146, 146a, 154, 155].

When a divergent beam of light is used, a magnified image
is obtained. The best results were achieved with enlargements
not exceeding 1.5 [153]. For small objects, for /99

example, bullets from a rifle, a
satisfactory distance of the screen
or the film from the object is
15 cm, and of the spark, the light
souce, from the object,it is 1.2 m.
However, the last distance can be up to
5 m when relatively large measurement
spaces in tunneld are lit through.
Besides the advantages that can be
obtained with the aid of enlargement,
it is limited in all respects by the
divergent rays, only to the use on
objects and a field with a small span

Fig. 62. Schematic in the direction of the rays (pro-
diagram of simplest jectiles, airplane bodies, propeller
equipment for shadow tips, etc. whose longer side is
method with diver- perpendicular to the direction of
gent beam of light the rays).
(1. light source;
2. analyzed gas To obtain images of the two-
layer; 3. screen). dimensional flow, the observed layer

of air must be lit through by a
parallel pencil of rays. To the

previous version, one lens or concave mirror is added (Fig. 63)
and the light source is placed at their focus. The selected
focal length should be as short as possibleto obtain with the
given light source a high illumination on the screen. However,
this must be done without detriment to the uniformity of the
initial illumination on the screen and the sharpness of the images of the
inhomogeneities. A reduction in the sharpness depends indirectly
on the focal length fl,directly on the distance L of the
inhomogeneity from the screen or film, and also directly on the

95



diameter d of the light souce [174]. The sensitivity depends
directly on the distance L. Since d cannot be reduced without
limit, fl must be selected taking into consideration these
factors. In some cases, it is advantageous to focus on the
screen or the photographic plate (film) some plane inside the
measurement space with the aid of another lens.

The lenses or mirrors used must be of first-class quality
and defects in them must be corrected to prevent nonuniform
illumination of the screen. Nevertheless, an instrument with
cheap Fresnel lenses pressed from organic glass has been constructed.
In some special cases, satisfactory results were obtained
with the aid of this instrument [150].

Figs. 64 through 67 show photographs that were obtained
by the shadow method.

This method was used sub- /100
sequently to study the shape of

2 3 three-dimensional shock waves
and to obtain data about the
processes that occur in them [165].

IIt is also used together with
the so-called method of hot
wires and other similar methods
(see pp. 46 and 59). It was
also used to obtain images of
the flow around parts of an

Fig. 63. Schematic diagram airplane during flight [168] and
of equipment for shadow also to determine the state of
method with parallel light the boundary layer and of the
beam (1. light source; transition regions [159, 164].
2. lens; 3. analyzed gas Sometimes a very thin layer of
layer; 4. screen). volatile oil is applied to the

surface of the streamlined body
for this purpose [146a]. The
oil vaporizes faster in the

region of turbulent flow than in the laminar flow region, and
the vaporized oil changes the refractive index more sub-
stantially in the turbulent boundary layer whose image is
therefore clearer.

The oscillations of shock waves can be studied with the aid
of an interrupted light source (stroboscope) [154, 158]. Al-
though obtaining quantitative data about the distribution of
the density in the observed field on the basis of photographic
measurements or photographs is not sufficiently reliable and
requires a great deal of care and caution during the technical
photographic work, data about the distribution of the density
near the front of a shock wave can be obtained [146, 162, 156].
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In other experiments that /102
were carried out to obtain
quantitative data about the
density distribution in the
entire observed layer a two-
dimensional mesh (with square
openings) is placed in front of
the observed object in the direc-
tion of the light rays

and the distortion in its
image on the screen behind the
observed object is used as
the basis to determine the
inhomogeneities in the object

Fig. 64. Photograph obtained [162].
using shadow method during
flow around a wing [5]. The shadow method can

also yield certain quantitative
data about turbulence. When
the turbulent layer is lit
through, the local changes
in the density have a similar
effect on the passing,
originally parallel rays as
small converging and di-
verging lenses. The field
with the local differences in
the illumination is obtained
on the screen placed immediately
behind the layer in this
manner (Fig. 68). The
continuity of this illumination
field and the density field
have been described by

Zmathematical relations, whose
analysis makes it possible

Sto determine certain statistical
Fig. 65. Shadow image ob- properties of the fluctuations
tained during the study of in the density in the layer
the flow field around a that is examined [146, 166].
projectile [146].

A method for the study
of three-dimensional flow has
also been developed [170, 165].

3.2.2. Diaphragm Schlieren Methods

In addition to the qualitative data similar to those obtained
by the previous method, it is possible to obtain more easily
and better quantitative data about the distribution of the
density in the entire region under consideration, i.e. for
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Fig. 66. Shadow image of flow field in cascade.
The photographs were included with the kind
permission of the author [164].

example, to determine the density field in a two-dimensional gas /103
flow layer, by using various versions of diaphragm schlieren
methods. The method used most frequently to set up the optical
apparatus is evident from Figs. 69 and 70. It is the so-called
Toepler principle [173]. From the photographs obtained with
the aid of diaphragm schlieren methods, it is possible to deter-
mine y' and z' by measuring the blackening (see p. 85) and
subsequently from this the density gradient and the density
field. However, diaphragm methods are used more frequently
only to obtain basic data about the flow, mainly about shock waves,
expansion and wake regions,and about the boundary layer.

A high-intensity light source, whose dimensions are small,
is used. The source is placed in the focal plane of the first
lens or ,mirror (Fig. 69), (or the source is lit through
by the condenser at the slit at the focus of the first lens,
in which case the light area of the slit is considered as the
source).
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If the layer is homo- /104
geneous a pencil of
straight parallel rays
passes through the layer
that is examined (the
measurement space in the
tunnel). Then the second
lens placed behind the
measurement space forms the
image of the light source
in its own focal plane and
the image of the measurement

S space which contains,
for example, the studied
model is obtained on the
screen or the camera
film. Lens C3 is used to
form the image. If the
source has the same
luminance at any point,
the illumination on the
screen where the rays
impinge will be the same

Fig. 67. Effect of exposure time at all points. Now if,
during the shadow method [1]: for example, a knife

a) exposure time 1/300 sec; diaphragm (a diaphragm
b) exposure time 10-5 sec. with a straight edge) is
The unstable oscillating placed in the focal plane
character of the shock waves can of the second lens in
be inferred from the sharper such a way that it inter-
images of the shock waves in cepts a part of the rays
b) (during a very low exposure incident to the screen
time). or film, their illumination

is reduced, but is again
the same at all points on
the illuminated area of the

screen. The reduction in the illumination depends on how large
the part of the image of the light source is shaded by the
diaphragm, i.e. (see Fig. 69) on the distance a of the edge of
the diaphragm from the vertical axis of the equipment.

If the examined layer has inhomogeneities, the rays passing
through these points are bent, and the corresponding part of
the image of the source is displaced from the original point
through a distance As. This of course changes the illumination /105
at the corresponding point on the screen. We will now analyze,
with the aid of Fig. 69, this case in greater detail [171, 174].

We will consider a light source with a slit whose width is
b, whose height is h with luminance E,placed in the focal plane
of the lens Cl.with focal length fl. If the area of the lens
C1 illuminated by the source is S, we derive easily, on the basis
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of the definition of the lumi-
nance of the source for the
approximate value D of the luminous
flux incident at the lens Cl
the expression

EbhS

h 2  (58)

If we ignore the effect of the
losses and take into con-
sideration that the rays
arrive from the source to the
screen only with small angulgr
deflections from the direction
of the optical axis of the
entire equipment, then in the
case when the diaphragm is
outside the pencil of rays
the same luminous flux D also

Fig. 68. Shadow image of
wake [146]. impinges on the screen. The

wake [16]. initial illumination of the
screen, whose illuminated area

is S' is therefore

O - (59)Z 4 I
Denoting the linearI enlargement obtained using

Zh the optical system that

F-a was described by m,
i we have S'/S = m 2 , so that

a l using (58) and (59), we
obtain

Ebh
A (60)Fig. 69. Schematic diagram of m 2 f

equipment for diaphragm schlieren
method.

The image of the source with
the slit in the focal
plane of the lens C2 has

the dimensions h' = h(f2/fl), b' = b(f2/fl), where f2 is the
focal length of lens C2.

Suppose that the center of one of the longer sides of the
(rectangular) source with the slit lies at the focus F1 of the
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lens C1l Then the
center of the longer
side of the image of
the source lies att> the focus F 2 of lens

C2 , and the image

4 / 5 is on the side of the
optical axis opposite
to the source with
the slit. Both
sides that were mentioned

2 are parallel.

Now if we shade
a part of the image
of the source by the

6 7~ knife diaphragm in
such a way that the
height of the image is
equal along the entire
length to the distance

Fig. 70. Simplified schematic diagram a of the edge of the

of apparatus for diaphragm schlieren diaphgram from the

method: a) with mirrors; b) with one optical axis of the entire

principal lens (1. light source; 2 equipment (the edge
and 2'. mirrors or possibly lens; 3. ana- of the diaphragm is
lyzed layer; 4. knife diaphragm; parallel to the width

5. screen). b of the source with

At the bottom of the diagram is the slit!) the

the schematic diagram of the light illumination on the

source in the case when a spark screen is reduced from

discharge is not used (as for example the value AO to the

in Fig. 72 a, b), but an arc lamp or value A for which the

discharge tube is used (6. arc lamp relation

or discharge tube; 7. condenser
projecting the luminous discharge in- A a a,
to the slit 1' , 1' slit at the first
focal point of the first mirror or Ao h' h,

lens; the light area of the slit is
considered as the light source for the holds, so that in view
equipment). The objective is in- of (60), we have
serted between diaphragm 4 and screen
5, with the aid of which the image
of the selected plane in the analyzed Eba
layer is formed' on the screen M (61)
or photographic plate.

If the layer ex- /106
amined has such inhomogenei-

ties that at certain points of the layer the component of the
gradient of the refractive index which is perpendicular to the
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edge of the diaphgram exists and is different from zero (if the
edge of the diaphragm is parallel to the Z axis it is the
component Dn/Dy X 0),the rays passing through these points
will be curved. The rays which leave the layer then are deflected
from the original direction by the angle E whose tangent is
equal to the quantity y', which can be expressed either using the
first equation in (44) or with the aid of the first equation
in (56), obtaining:

1 I &n
tan E=y'=- -dx.

where n = n(y,z) is the local refractive index in the layer
and no is interpreted as on p. 88, i.e. no is the refractive
index of the substance forming the flow medium in the case
when the flow does not cause inhomogeneities in it. With regard
to the direction of the Y axis it is considered to be the
same, so that it is perpendicular to the edge of the diaphragm,
i.e. perpendicular to the width d of the light source with
the slit to which the edge of the diaphragm is parallel by
hypothesis.

The displacement of the ray that has just been considered,
which corresponds to a deflection of the ray by the angle
c from the original direction takes place in the plane perpen-
dicular to the edge of the diaphragm, so that the corresponding
parts of the image of the source in the focal plane of lens C2are shifted in the direction of the Y axis through the distance
As = f2 y'. This, of course, changes the illumination at the
corresponding points on the image of the layer of the screen
by the amount

AA y' Eby'
___ n2ti (62)

where the last equality is valid because of (60). The changes
in the illumination will again, as before (see p. 93) be
evaluated by the relative change in the illumination, the
contrast, which we now denote by the symbol B. Using relations
(62) and (61) we obtain for the contrast the expression

AA f 2Y' AsB = -- (63)
102
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The change in the contrast caused by a unit deflection of
the ray is the so-called sensitivity of the equipment C.
Hence, according to (63), it is

dB f,
C d-

dy' a (64)

where the first equality holds on the basis of the definition of /107
the sensitivity C that was given. The possibility of increasing
the sensitivity by changing the distance of the edge of the
diaphragm from the optical axis of the entire equipment which
follows from the above is limited due to diffraction phenomena
causing changes in the illumination of the screen which do not
correspond to the inhomogeneities in the examined layer and
also do not correspond to the arguments tha-t have been
presented which are based on ray optics. The effect of the
diffraction phenomena does not matter during observations of a
qualitative nature, so that for these purposes highly sen-
sitive devices can be used; however, the fidelity (accuracy)
of the quantitative measurements is reduced (especially those
based on the measurement of changes inthe illumination) which
limits their use to cases in which a lower sensitivity is
sufficient [162, 175, 180].

Equation (62) is no longer valid when the image of the
source (formed by the lenses Cl and C2 in the focal plane of
the second lens) or a part of it is shifted entirely outside
the diaphragm,or if the entire image is on the diaphragm. If
this occurs, the image of the observed field (or a part of it) on
the screen will have the illumination AO given by equation (60)
or the illumination will be zero. This will also occur during
larger deflections about which additional information cannot
be obtained from the image on the screen. The largest possible
shift of the image of the light source (or a part of it)
which does not lead to a loss in sensitivity is, for a = h',
equal to the height of the image h' = (f2/fl)h (Fig. 69).
This corresponds to the deflection of the ray

(65)
h

since

f2max - h = h
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Similarly, for a < h',the largest shift of the image of the
source (or apart of it) in the direction away from the optical
axis toward the edge of the knife diaphragm is a, which corresponds
to the ray deflection

(y' a

max toward the edge f2'

since

2y max toward the edge a,

and the largest possible shift in the direction away from
the edge toward the optical axis inh'- a, which corresponds to a
the ray deflection

(y' ) h a
max from edge fl f2

since

f2(Y'maxfrom edge h - a = h' - a.
max from edge fl

If the same maximum range must be achieved for both these /108
deflection directions, the diaphragm must be set
so that it intercepts exactly one-half of the image of the
light source, i.e. we must have a = h'/2, or, taking into
consideration (65),

h 2f 1
2/1 2 (66)

We then have, for the sensitivity (64),

C=

Yrax ( 67 )

From the above it follows that the maximum sensitivity that can
be achieved for the given .deflection range is inversely
proportional to this deflection range and that it does not
depend, for example, on the intensity of the source, etc.
The feasible deflection range can be increased by increasing
the height h of the light source with the slit or by reducing the
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focal length fl of the first lens Cl (or mirror), which follows
from equation (65).

Now, substituting z from equation (66) in equation (61) we
obtain for the illumination on the screen the relation

Eb fmax A
- ? -_ o 0' (68)

The guidelines for the design of the necessary optical
equipment follow from the considerations of an approxi-
mate character that were given above. The most important
parts are the two lenses Cl and C2 or the corresponding mirrors.
From an optical standpoint, their quality must be high so that
the inaccuracies arising during the refraction of light
(or reflection in the case when mirrors are used) should not
cause deflections of a smaller order of magnitude than the
deflectionscaused by the inhomogeneities that are examined.
The spherical and chromatic aberrations in the lens must be
corrected as much as possible. The glass must be free of
inhomogeneities, since all its local imperfections are observed
on the screen. The objective of an astronomical telescope
is most suitable for this purpose.

Compared to lenses the advantages of mirrrors are that they
do not have a chromatic aberration, that the inhomogeneities
inside the glass do not matter and that mirrors with relatively
large diameters are cheaper than lenses with the same diameter,
since only one surface is treated in a mirror. An aluminum
metal plating on the surface of the mirror is better than a
silver plating, since it is more durable and the oxidized
aluminum layers are transparent.

The focal length of the lens Cl must be as small as possible,
since this increases not only the feasible range, which is
evident from equation (65), but also for the given enlargement
the initial illumination od the screen, as shown by equations
(60) and (68). This will also make it possible to use a
large enlargement for the given illumination, which improves
observation by the naked eye and facilitates a more precise
adjustment of the apparatus. However, the selection of the
smallest fl is limited by the requirement that a homogeneous
pencil of parallel rays be obtained behind the lens Cl. To /109
obtain uniform illumination of the image of the source
within 1% limits, the rays must enter the lens Cl at a vertex
angle which is smaller than8 0 [1711. A similar limitation also
applies to the use of mirrors. This requirement must also be
satisfied by the second lens or mirror. A large focal length
of the lens C2 will increase the sensitivity of the equipment as
shown by equation (64); however, when the equipment is adjusted
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for the maximum possible range it has no effect, according to
(68), on the illumination, according to (65) on the range, and
according to (67) on the sensitivity. The above gives the
conditions for the selection of the lenses (mirrors).

Next, the properties of the light source must be selected
so that the necessary enlargement is obtained without exceeding
the feasible range. For this purpose, the maximum values of the
deflectionsy', z' which occur in various inhomogeneities in
the gas flow must be known. It was established [174-176] that
deflections greater than 0.005 rad occur very seldom. This
means that if we take the value that was given as a bound,
the height h of the source can be calculated from equation (65),
since Y'max and fl have already been selected. The initial
illumination on this screen can then be increased by widening
the source and also by choosing the smallest enlargement m
at which details can still be distinguished.

The requirement of a high value of the initial illumination
on the screen is justified by the fact that the observer'seye
works in the maximum sensitivity range where it observes the
relative changes in the illumination, the contrast. The eye
actually reacts to changes in the brightness on the screen
and when the basic value of the brightness on the screen is
on an order of magnitude less than 3 nt [sic], the sensitivity of
the eye to discriminating the contrast drops [174]. Hence,
the minimum value of the initial (basic) illumination of this
screen will be about 32 lux [174]. From these data and from
the previously selected values, the necessary luminous power
of the source can be determined, see equations (58) and (61).

When mirrors are used instead of lenses, the fact must be
taken into account that both the source and the diaphragm are
located outside the optical axis, so that the surface of The
mirror should be taken,strictly speaking,as the surface obtained
by rotating a parabola about an axis which is not identical
with the axis of the parabola. However, normal parabolic and
spherical mirrors are also used (with a focal length to
aperture ratio greater than 10), since they can be obtained more
easily and cheaper. To reduce the defects in the optical
equipment when these mirrors are used, the angles a and B are
selected as small as possible and equal or nearly equal
(see Fig. 70a).

The source and the diaphragm are on opposite sides of the
optical axis (of course, very close to it or in its immediate
vicinity). This reduces both the astigmatism and the coma.
It is advantageous if the equipment is adjusted so that the
image of the source is deformed, as a result of the effect of
the astigmatism, only in the direction parallel to the edge
of the diaphragm.
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The distance between the mirrors (or lenses) should be as
small as possible to limit as much as possible the effect of
the inhomogeneities of the surrounding medium between the
mirrors. When mirrors are used, it is of course difficult from
a design standpoint to reduce this distance, as in the case
of lenses, so that the value of the distance between the mirrors
fluctuates around twice the focal length of the mirror.

The light source must be placed exactly in the focal /110
plane of the first mirror or lens. This can be achieved either
by measuring the diameter of the pencil of rays between the
lenses (mirrors) or the reflected image of the source on the
screen placed for this purpose in the immediate vicinity of
the source. A plane mirror is used for the reflection,which
is inserted between the lenses (mirrors). The diaphragm must
also be placed exactly in the focal plane of the second lens
(mirror) and it must be positioned so that it can be adjusted
exactly with the aid of micrometer screws and the distance a
can be measured exactly. The edge of the diaphragm and the
edges of the opening (source) must have the smallest possible
unevennesses. Similarly, the lens of mirrors must be mounted
on suspensions so that their position can be adjusted exactly,
and the suspensions must be sufficiently rigid. This entire optical
system as a whole must be as rigid as possible to prevent
spontaneous changes in the position of its parts. In addition,
the possible rotation of the entire optical system or the
source together with the diaphragm about the optical axis must
be kept in mind. This requirement occurs in certain methods
used to obtain quantitative data.

The activity of the tunnel can affect the adjustment of
the equipment. Therefore, it is sometimes necessary to make
the final adjustment under normal operating conditions in the
tunnel [5, 5a].

It is important that the axes of the source with the slit
and of the diaphragm be parallel. To achieve this, for example,
a microscope can be used and the image of the source on the
screen can be observed through it, or the image of the source
and the diaphragm can be focused with the aid of the modified
lens C3 on the screen (by exchangingiit). The normal task of
the lens C3 is to form the image of the inhomogeneity
on the screen or the photographic
plate or film. In the last two cases, the lens U is the
objective of the camera which is focused on the plane which
is perpendicular to the light rays and cuts the measurement
space in half.

Fig. 71 gives an outline of the equipment that was used
successfully, which consists of two systems, a lens and mirror /111
system [174], so that the practical adjustment of the optical
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equipment for the diaphragm refraction method can be well illustrated
on it. The largest linear dimension of the observation field
in the tunnel is 22.5 cm. The mirror system has two spherical
mirrors with a 23.75 cm diameter and a focal length of 2.7 m,
so that the apex angle of the conical pencil of rays is approxi-
mately 120. The lens system which is used to observe details
has two lenses with a 5 cm diameter and a focal length of
35 cm and it is mounted on a carriage ;o that its axis can be
adjusted in any position along the mueasurement spacepossibly so
that the functioning of the mirror system is not disturbed.
Both sets of equipment can also be used to obtain photographs
with the aid of the shadow method on a photographic plate inserted behind
the measurement space in the direction away from the source. The
light source used for visual observation is the filament of the
projector bulb, and for photography the electric spark discharge
with a duration on the order of 10-6 sec, obtained by discharging
a condenser with a capacity of 0.01 pF charged to 20 kV.
Using two different electrode arrangements, a slit and circular
(approximately point) light source can be obtained. In the
first case, two plane (metal sheet) 1 mm thick electrodes were
clamped between two glass plates so that the ends of the
electrodes were at a distance of 7 mm from one another, giving
the 1 x 7 mm source with the slit drawn in Fig. 72. The
arrangement of the electrodes for the point source used to obtain
photographs with the aid of the simple refraction method is
analogous. This arrangement provides a source with greater
luminance than the source with a slit. It is also suitable, when
greater sensitivity is required, but mainly for high quality
observation, since the width of the image of the source changes
during the displacement along the diaphragm,and hence also the
sensitivity changes. The possibility of using as the light
source a laser is discussed briefly on p. 147.

The equipment used widely in Czechoslovakia is a product
of the Zeiss-Jena plant (Schlieren aufnahmegerat 80 [schlieren
camera-80]) which can also be used to carry out the measurements
using the grid and dye method (see pp. 114 and 119). /112
Here the maximum diameter of the observed field is 80 mm
[204] (Fig. 73 a). However, equipment for which the diameter
of the observed field is 10 times as large is also being
designed [194].

In addition to such types of optical equipment of a basic
character, systems which furnish stereoscopic records have
also been designed [183, 184]. Such a system consists of two
basic mirror systems by means of which the corresponding rays
intersect inside the measurement space. The axes of the two systems
deviate by a small angle from the perpendicular, to the cover
glass of the measurement space of the tunnel and lie in the same
plane containing this perpendicular. The two corresponding
cameras are focused on the plane where the rays from the two
systems intersect. Another modification of the basic system
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. . .makes it possible to
. determine the measure-

Sments in the selected
planes of the measurement
space through exact

2 2 ~.. focusing [177].

5 To increase the
4' isensitivity, the

instruments were
modified for two
passages of the

Fig. 71. Schematic diagram of equipment rays. It is particu-
for the diaphragm method, consisting of larly important to
two systems: a mirror system for the increase the sensi-
study of the entire cross section of the tivity of the method
measurement space, and a smaller system during measurements
attached to a displaceable optical at low pressures.
bench, which is used for the study of However, it was
details. When the independent mirror observed in nitrogen
system is used, the equipment can also at a density of
be used for the shadow method, by in- 1.5.10-3 kg.m-3 that
serting the screen in the position even at such extremely
marked in the diagram by the line 5 low values, the
(1. light source of mirror system; shock wave can still
2. light source of small instrument; be determined by /113
3. screen, focusing screen or photo- the diaphragm method.
graphic instrument; 4. measurement space). At pressures equal to

several percent of an
atmosphere at which

the equipment that was
Al- described can no longer

be used, the sensitivity
can be increased by
adding sodium vapors

S2 to the air flow [197].

Often it is necessary
to obtain simultaneously
a record using two
cameras or possibly a motion

Apicture camera and also
to study theiimage of the
observed field on ithe

Rscreen. This can be
Sachieved not only by

splitting the rays
immediately behind the light
source, but also by

Fig. 72. Schematic diagram of the having a mirrored surface
arrangement of electrodes for spark
(discharge) sources of light (1, 2.
electrodes).

109



Fig. 73a. Schematic diagram of instrument manufac-
tured by the firm Zeiss-Jena, GDR (Schlierenaufnahme-
gerat-80 [schlieren camera-80]) used in diaphragm
methods [204]. 1. arc lamp or high-pressure mercury
discharge tube; 2. condenser; 3. slit at focus of
first principal lens; 4, 5. analyzed layer; 6. second
principal lens; 7. image focal plane of second
principal lens; 8. knife diaphragm; 9 and 10. objec-
tives forming the image of the selected plane 5
in the analyzed layer on the focusing screen 11 of the
camera built into the instrument; 12. folding
mirror which can be used to reflect the rays through
the objective 13 to the screen 14 for visual
observation.

The U-shaped arrangement of the optical axis
of the instrument with the aid of the plane mirror
is of no basic significance. However,much smaller
dimensions of the instrument and greater rigidity
of the frame are obtained in this manner.

on the knife diaphragm. Additional images are obtained taking
advantage of the reflection on the diaphragm [198, 199].

In addition to this more complex equipment, instruments
are also used with one principal lens or mirror, in which the
rays of the pencil passing through the medium that is examined
are not parallel. The light source, its image and also the
diaphragm are not in the focal planes (Fig. 73 b). An instrument

110



based on a similar principle with a single mirror has also been
used in Czechoslovakia [2091.

When we determinedquantitatively the requirements on the
design of the optical equipment and evaluated the properties of
such equipment, we only considered a light source with a slit
with a constant height h and a constant width b, which was
parallel to the straight line edge of the knife diaphragm.
This arrangement by means of which we want to obtain the quan-
titative data is most suitable for the measurements and therefore
has been used most frequently. However, any other shape of
the source can be used provided a diaphragm with a corresponding
shape is used at the same time, for example, a circular source
and a circular diaphragm having the shape of a small opaque
disk.

One possible source is a source given by the shape of a /114
filament in a bulb. The corresponding diaphragm for the source
is obtained by inserting the photographic plate at the place
where the image of the source is formed, i.e. in the focal
plane of the second lens or mirror, where it is exnosed and,
after it is developed, inserted in the same plate where it serves as
a diaphragm. Hence this is a procedure with an initial dark
field (the dark field on the screen) since only those rays
which were not curved in the observed medium pass through the
diaphragm (if we ignore diffraction phenomena).

Circular shaped sources and diaphragms with a circular
aperture with the same diameter as that of the image of the
source at the point of the diaphragm have also been used.
Hence, during the initial adjustment, the illumination on the
screen was at a maximum.

When irregularly shaped sources and the corresponding dia-
phragms are used, the records obtained on the screen do not
correspond to the deflections of the rays only in one direction
(as in the case when a light source with a slit and a knife
diaphragm are used), but the rays are deflected in different
directions when they are formed. Therefore, the evaluation of
such records is laborious and difficult. In addition to this,
the effect of the astigmatism of the system cannot be eliminated
as in a source with a slit.

During the observation of objects with large gradients of
the refractive index , a low sensitivity of the equipment must be
selected which, however, may not be adequate
to record the small gradients that can occur simultaneously in
the observed object, or a greater sensitivity can be selected,
but on the other hand, the feasible range can be exceeded so
that information about points with large gradients is not
obtained. The solution (with certain exceptions) can be ob-
tained either on the basis of two photographs obtained with a low
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and high sensitivity,
where the observed

.. object must have
the same character in
both cases, or with

3~ ; - ' the aid of an ex-
6 4 5 10 ponentially expanding

S-slit placed in such
1 9 a way that the

L.. 79 axis of symmetry
.:1 3 of its image in the

12. plane of the knife
diaphragm is per-
pendicular to the

Fig. 73b. Schematic diagram of instru- edge of this diaphragm, or
ment manufactured by the firm Datwyler, possibly awedge filter
Switzerland used in the diaphragm method can be used instead
[147, 209]. (1. discharge tube; 2. con- of the diaphragm
denser; 3. slit in first focal plane of (see p. 122) [178].
mirror 10; 4. prism reflecting beam of An L-shaped source
rays through analyzed layer 13 to with a slit is also
spherical mirror 10; the reflected rays used (two mutually
again pass the measured layer and are perpendicular slits)
shifted by prism 5 to the original and a corresponding
direction of the optical axis; 6. knife L-shaped diaphragm
diaphragm placed near image focal plane [175]. However,
of the mirror 10; rotary prism re- in this case, it is
flecting rays either through necessary to take
objective 8 and plane mirror 11 into account the
to the screen 12, or through ob- fact that sharp
jective 9 to the projection screen). images of each arm

of the source (for
example, the horizontal
and vertical arm) are

obtained at different distances from the source as a result of
the effect of the astigmatism, and therefore the diaphragm must
be arranged accordingly. The mutual distance between the two
images that were mentioned is on the order of several tenths
to 1 mm in the commonly used systems. Sometimes, the diaphragm
is replaced by a grid or only a single filament.

Two basic methods can be used to obtain the numerical
values of the local refractive index and the local density in
the layer that is analyzed with the aid of various types of
diaphragm schlieren methods. In the first method, primarily
equipment with a source with a slit and a knife diaphragm is
used and the calculations are based on equations (44), (48), and
(63). The following relations for the relative change in the
illumination (AA/A)y caused by the deflection of the ray in the
direction of the Y axis and for the relative change in the il- /115
lumination (AA/A)z caused by the deflection of the ray in the
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direction of the Z axis are obtained from these equations:

AA ) / .2  - I :. - :,, i =

(69)AA\ .i xo- (l (69) k _ i' ,

AAi, .,

where K is the constant from -equation (47) and

A, P -I K- are also constants. Equations (69) imply that

the contrast, i.e. the local relative change in the illumination
on the screen or photographic plate is proportional to the
component of the gradient of the refractive index or the
density gradient at the corresponding point of the layer which
is perpendicular to the edge of the diaphragm. Hence, if the
edge of the diaphragm is parallel to the Z axis, the contrast
(AA/A)y appears on the screen or photographic plate, from which
we can determine the y-th component of the gradient of the
refractive index and the density gradient, i.e. Dn/ay and Dp/Dy.
Now if we rotate the entire optical system about its optical
axis through a 900 angle, we will record the contrast (AA/A),from which we determine the z-th component of the two gradients, and
from the y-th and z-th components of the gradient we can determine
the final value of the gradient of the refractive index and
the density gradient, and from these, according to equation (45),
the field of the refractive index and,from analogous equations
for the density, the density field.

When the contrast AA/A is determined, the change in the
illumination can be measured point by point with the aid of a
modified luxmeter. The disadvantage of this method is that
the same luminance of the source must be maintained throughout
the entire photometric measurement time,and that the flow
studied must be the same, which is almost impossible.

A better solution is to carry out photometric measurements
on photographs. Of course, two photographs must be taken for
two mutually perpendicular directions of the edge of the
diaphragm (the source with the slit is always parallel to the
edge of the diaphragm). When these are obtained, the flow
need not be exactly the same. For this reason, equipment was
built in which the beam from the slit of the source
is optically split (through reflection) into two beams which
behave like beams which emanated from two mutually perpendicular
sources with slits. These two beams pass through the measured
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layer (the tunnel), and after passage are separated over a
greater distance by the mirrors and form in one camera on the
same film at the same instant, two separated images. However,
before that, each of the two beams passed through one of the
two knife diaphragms whose edges are mutually perpendicular
[179].

However, it is difficult to obtain photographs on which the
blackened contrast is the same as the contrast when the film or /116
photographic plate is illuminated during exposure. This is
due to shortcomings in the quality of the photographic material
and the imperfections of the photographic technological processes.
Therefore, the procedure used introduces into the observed
field a reference inhomogeneity (in German: "die Normalschliere")
[162, 171]. For example, when the flow around a profile is
photographed, a transparent object is inserted at the edge of
the light beam at points through which the rays that were not
affected by the inhomogeneities in the tunnel pass, whose effect
is the same as that of an inhomogeneity with a known gradient
of the refractive index (a change in the direction of the rays).
Such an object may be, for example, a glass wedge with a very
small refracting angle whose effect is the same as that of an
inhomogeneity with a constant gradient of the refractive index,
or a plane-concave lens with a small curvature of the concave
side whose effect is the same as that of an inhomogeneity in
which the gradient of the refractive index varies in a certain
range. Then in the photograph at the point where the rays
that pass through such reference inhomogeneity impinge in a
small area whose blackening corresponds to the known gradient
of the refractive index in the reference inhomogenity that is
used for the comparison. By comparing photometrically the
blackening at individual points on the photograph with the
blackening on this area,we can then determine the gradients of
the refractive index around the streamlined body. It is more
convenient to use a lens as the reference inhomogeneity,
provided we select its curvature so that it behaves like an
inhomogeneity in which the gradient of the refractive index
varies in the range of values which apply to the problem under
consideration.

Another method of obtaining quantitative data may be called
the filament or possibly the grid method. Also here the
source has a slit, which is as narrow as possible, and instead
of a knife diaphragm either a thin filament or several parallel
filaments (grid) are inserted in the focal plane of the
second lens, and in both cases the filaments are parallel to the
axis of the slit. We will first consider only one filament
which is placed at the distance a from the optical axis of the
equipment in such a way that it is outside the image of the
source with the slit, so that if the observed layer has noinhomcgeneities, the screen is uniformly illuminated. However, if
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inhomogeneities are formed in the layer, the rays are deflected from their

original direction, and those rays whose angulardeflection in the direction

perpendicular to the filament is such that its tangent Ya' has the

value Ya' = a/f 2 are intercepted by the filament (we used the

subscript a since we assumed that the filament was at the distance

a from the optical axis). Hence, shadows are formed on the

screen at those points which correspond to the points in the

layer at which, as a result of inhomogeneities,the rays were

deflected by ya'. From equations (44) and (48) it is obvious

that the density gradient has at these points the value

i -6' i ~, (70)
y - .i, i1 ., -- , i .

where I is a constant. During the calculations

we took in equations (44) n = no, a possibility we discussed

already on p. 90.

If we displace the filament through the distance a' from the /117

optical axis, the dark shadows on the screen will now correspond

to those points in the studied layer at which the component

of the density gradient which is perpendicular to the direction

of the filament has the value (Op/y) = k'a'. Hence, when the

filament method is used, the dark shadows on the screen denote

those points in the layer that is examined at which the angular
deflection of the rays deflected . in the direction perpendicular

to the filament is the same, and at which the density gradient

and the gradient of the refractive index have a constant

component in this direction. These dark shadows, or lines are

called, according to Schardin, isophotes. A narrow slit can

also be used instead of a filament. In this case, light
shadows are obtained on a light field instead of dark shadows

on a dark field.

By connecting several filaments into a grid or by using

a special grid, isophotes of several orders are obtained in

the same photograph. Since the image of the source has a

width which is not zero and the shadows obtained are wide, this

method does not yield sufficiently accurate results. In

addition to this, to obtain a sufficient sensitivity, the grid

must be very dense, i.e. the grid spacing must be small, which

would lead to diffraction p1kenomena, which distort the image. Two

photographs obtained by the filament or grid method are

given in Fig. 74 [1, 174, 180, 181].

The work is more accurate when an arrangement is used where

the grid is shifted in front of the image focal plane of
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lens C2, see Fig. 75 [186, 147, 191, 175]. If there are no
inhomogeneities in this region that is examined, the ray passing
through the point P is parallel to the optical axis until the
point Q, and then after refraction by lens C2, impinges at the
point S of the image of the slit of the source (of course,
before the grid G is inserted) and is then projected through the
lens C3 (projection lens, the objective of the camera) onto
the screen T at the point P'. If an opaque strip of the
grid G that was inserted intercepts this ray, the point P'
and similarly other such points will be dark. Hence the screen
will be covered by alternating dark and light lines.

Fig. 74. Samples of images obtained using
the filament method [1, 2, 181].

Let us assume now that the layer that is studied has in- /118
homogeneities, so that the ray passing through the point P
will now be deflected, say, upward by a small angle
Ep whose tangent has the value tan ep = y'p (the subscript P
for the point P). This ray will arrive at the point Q' and
then, after refraction by lens C2 , at the point R, where
RS = f2 YP', which can be determined with the aid of the lens
equation. Hence, it is obvious that the ray will not pass
through the same point of the grid as before, but will be incident
on the screen again at the point P', since D and T are
conjugate planes which change the illumination on the screen,
i.e. in our case, the dark shadow will disappear at the point P'
and will be shifted elsewhere. We can find out easily immediately
where it is shifted to.

Let M denote another point in the inhomogeneous layer that
is examined, and let us assume that the ray passing through the
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point M, which in the case of a homogeneous layer was parallel
to the optical axis is deflected from the direction of the
optical axis by the small angle SM and passes through the points N',
A, and V, where VS = f2.'M. When is is intercepted
at the point A by an opaque strip. of the grid which originally
intercepted the ray passing through the point P which was not
deflected, this means that the dark shadow which originally
passed through the point P' was displaced so that it now passes
through the point M' where the distance P'M' is equal to the
product of the distance PM and the enlargement m of the
optical system formed by the lenses C2 and C3, i.e.
P'M' = m-PM.

The distance PM which we do not know for the time being
will be calculated as follows: from the similarity of the
triangles QN'A and SVA, we obtain

.--l

where VS = f2'EM, as already stated, so that

and we obtain for PM (Fig. 75),

ptr = QN = QN' I. X'X = tlr - d 1j

With regard to the enlargement m of the system of lenses C2, C3,it is

/2 b(d - i) b
d - i. 2 2'

where b is now the distance of the focal plane of the projection
lens C3 from its secondprincipal plane. Hence, we finally
obtain for the shift P'M' = m.PM of the dark shadow under /119
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consideration

P'11' = m PM = - ei - - d - j= (71

I, b b(d-- f
where k* - 2---- is a constant for a particular

optical system which does not depend on the characteristics of
the grid. The displacement P'M' of the dark shadow (more
precisely, the displacement of the shadow at a given point)
is proportional to the error in the angle e u y' at the point
in the examined layer which corresponds to the displaced point
of the shadow.

Although at first sight a dense grid should improve the
accuracy (a grid with a small grid spacing), this is not the case,
since diffraction phenomena interfere considerably. A sensible
bound is four opaque strips per 1 mm [146]. The opaque and
transparent strips between them usually have the same width;
however, it is more advantageous if all opaque strips are
narrower than the transparent strips. The same number of
strips, in the observation field of the screen can be achieved
with a sparser grid by increasing the distance 1 (Fig. 75),
which however reduces the sensitivity of the equipment. Hence,
the selection of the properties of the equipment must be a
compromise between these standpoints [175, 186, 147]. In
addition to a source with a slit and a grid formed by parallel
straight filaments, a circular source and a circular grid can
be used, i.e. a grid in which the transparent and opaque
strips have the form of concentric circles.

The use of diaphragm schlieren methods imposes an important
requirement on the design of the tunnel, namely that the
transparent glasses be plane parallel, without defects and internal
strains.

Among all methods in group 3.2 diaphragm schlieren methods /121
are used most frequently, since in comparison with the shadow
method,they provide relatively reliable quantitative data
about the density fields and, in comparison with interferometer
methods, the required equipment is simpler, less sensitive
and expensive and much easier to work with.

Figs. 77 through 80 give samples of photographs obtained
using the diaphragm schlieren methods. Fig. 81 is a sample of
the visualization of a boundary layer, in this case a
turbulent boundary layer.
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Fig. 75. Diagram illustrating grid schlieren
method.

Fig. 76. Sample of images obtained by the grid
method with the grid placed in front of the focus
of the second lens C2 (see Fig. 75), a) without
flow, b) during flow. The photographs were included
with the kind Dermission of the VZLU [expansion unknown]
and the author [147].

3.2.3. Diaphragm Schlieren Methods with a Colored Image /122

The methods that were described in the previous two
sections, 3.2.1 and 3.2.2, provide information in the form of
white and black phtographs. Hence,in these cases, the eye must
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react to changes in the illumi-
nation (unless grid methods
are used), an activity for
which the eye is not particularly
sensitive. A healthy eye
records much more easily

" a changes in color so that the
observer can observe much
more conveniently in the field of
view of the appropriate
equipment changes in the color
of the basic field rather
than changes in the illumina-
tion. The proposal for and
application of the method which

Fig. 77. Photograph obtained is used in this way are not

using diaphragm method. Flow new [162], even though this

around a rhombic profile [5]. method has only been used
recently in the study of flow
[211, 210, 147, 191].

The principle of the method
is such that the normal equip-
ment for the diaphragm schlieren
method is used, but a decom-
posing prism is inserted behind
the slit of the white light
source (for example, a direct /123
vision prism), which decomposes
the white light, and the optical
system forms in the plane of the
image of the source a spectrum
whose image can be intercepted
on the screen (Fig. 82). However,
if a slit (a slit diaphragm) is
inserted in the focal plane of
the second lens C2 (the plane
of the image of the source)
which is parallel to the spectral
lines, the screen will be
illuminated only by a part of the

Fig. 78. Front pressure spectrum and by choosing
wave visualized by diaphragm appropriately the height of the
method [146]. slit diaphragm and the dimensions

of the spectrum, the illumination
on the screen will have the same

color shade e-,erywhere. This basic color of the illumination
of the screen can be selected by choosing the position of this
slit and it can also be changed by shifting the slit diaphragm
across the spectrum in the direction perpendicular to the width
of this slit. When the decomposed light passes through a
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Fig. 79. Images of pressure waves obtained
in stereoscopic equipment. The light beams of
two independent systems for the diaphragm
method intersect at a small angle in the measurement
space [183].

medium with a density gradient,
the rays are deflected from the
original direction, from the
direction they would have if
the density of the medium were
constant. The deflected rays
are intercepted by the slit
diaphragm (i.e. they do not
pass through its slit), so
that the corresponding point
on the screen will be illuminated
by rays of a different color.
To each color corresponds a
certain value of the component
of the density gradient which is
perpendicular to the slit, which
follows from equations (44) and
(48).

The dimension (length) of the
spectrum must be selected taking

Fig. 80. Image obtained by into consideration the magnitudes
diaphragm method during the of the density gradient in the
study of flow through a medium that is studied and the
cascade [10]. dimensions of the optical

equipment. If the length of the
spectrum is too large, the change

in the colors is not very noticeable and the sensitivity of the
equipment is small. On the other hand, when the length of the
spectrum is small, the measurement range of the equipment may be
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exceeded and those points
on the screen which
correspond to the points
in the medium that is
studied at which the
magnitude of the gradient
exceeds the measurement

Fig. 81. Visualization of boundary range are dark. When the
layer with the aid of the diaphragm length of the spectrum
method. is properly selected for

the study of a particular
case, all colors of the spectrum are represented in the image
on the screen and no dark unilluminated points must appear on
it. This means that the requirements on the design of the
parts of the equipment and the manner in which it is constructed
are basically the same as those used in the diaphragm schlieren
method 3.2.2.

For example, if the basic illumination on the screen when
this method is used has a green color, the deflections of the
rays in one direction (these deflections lead to an increase in
the illumination in the normal diaphragm schlieren method)
cause a change in the green color to a color which lies closer
to the red end of the spectrum, i.e. depending on the magnitude
of the deflection that is considered, the green color changes
through yellow to red, and starting with a certain magnitude
of the deflectiona dark spot appears at the corresponding
points on the screen. Deflections in the opposite direction
(deflections which in the diaphragm schlieren method lead to a
drop in the illumination) result, depending on their magnitude,
in a change from the green color through blue to violet.

In addition to a white light source,a source yielding a line /124
spectrum (for example, an iron spectrum) can be used. In this
case, both in the spectrum and in the image of the field,
lines of various colors separated from one another by dark
strips are formed instead of the continuous colored transitions.
Images which are similar to those obtained when the diaphragm
schlieren method with a grid is used are obtained; however,
they are colored,which simplifies considerably their evaluation.

Light sources yielding a system of luminous colored
strips obtained by decomposing the light can be replaced by a
colored filter -strips with selected' color strips, which
is inserted into the slit of any light source that passes
through the filter. The filter can be obtained by photographing
the chosen colored sample made from colored paper or by
photographing the spectrum on a color print film or plate.

The method that was described only takes advantage of a
single color change cycle, which limits either the range or the
sensitivity of the method. Several color change cycles
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can be used when the slit
3 4 5 6 78 diaphragm is replaced by a

A grid, i.e. by several slits,
Swhich increases the range while

Xi retaining sufficient sensivity.
The width of the transparent
and opaque strips in the
grid is the same and the

Fig. 82. Schematic diagram of grid spacing, in this case,
equipment for diaphragm method twice the width of a strip

with colored image (1. light in the grid, is approximately
source; 2. decomposing straight equal to the effective width

vision prism; 3 and 5. prin- of the image of the source,
cipal lenses; 4. analyzed the spectrum.

layer; 6. diaphragm;

7. objective; 8. focusing Suppose that the image of
screen or . camera. the source falls onto an

opaque strip of the grid so
that on both sides of the

strip- an equal part of the width extends past the edge of the
strip, i.e. the red and blue end of the spectrum. In this
case, the screen is simultaneously illuminated by red and blue
light and appears as a purple color. Now if the beam of light
is deflected in the layer that is studied, the image of the
source (the spectrum)on the grid is also displaced and more
light, for example, from the blue end of the spectrum, will
impinge on the screen than from the red end. As the rays are
further deflected in the same direction, this relation will
continue to change, so that as the deflections of the rays con-
sidered increase, the illumination on the screen will change
the color from purple through blue, green, yellow, orange, and
red, back to purple, which will appear again as soon as the
displacement of the image of the source is equal to the grid
spacing. Larger deflections will cause additional color change
cycles in the illumination on the screen. Deflections of the
rays in the direction opposite to that considered until now
will cause an alternation of colors in the opposite sequence.

In some cases it is desirable to replace a grid with equally
wide parallel strips by a grid in which the transmissive
strips widen (Fig. 84), i.e. the width of the strip1 changes
along their length). When such a grid is used the deflections
of the rays (components of the density gradient) appear with
the color changes on the screen which are perpendicular to
the axes of the strips of the grid, whereas the deflections
of the rays in the direction of the strips will manifest
themselves in changes in the illumination as in the normal
diaphgram schlieren method. A further improvement canbe obtained
with the aid of a grid which has several rows of grid systems
with widening strips (Fig. 84). This increases the sensitivity
of the equipment to deflections in the direction of the strips
[178].
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A colored image of /125
the inhomogeneities can
also be obtained by
other methods. The
method in which the
same equipment is used
as in the grid diaphragm
schlieren method (see
p. 114) is suitable
for large inhomogeneities,
where the normal grid,
located in the focal
plane of the second lens,
is replaced by a colored
grid [162, 1911 (see
Fig. 85). The principle
for other suitable
equipment is given in
Fig. 86. The middle
strip of the plate D
which is not cross-
hatched radiates white
light and the other
strips glow in various
colors. The size of the

Fig. 84. Grid with widening strips. layer that is studied
must be such that it does /126
not extend past the

pencil of rays whichradiates from the surface as luminous
white light and enters the aperture of diaphram C. If at some
point in the layer there is an inhomogeneity deflecting the
rays by the angle e (its tangent was denoted in equation (44) and
elsewhere by y'), in the observation field the point illuminated
by the light of the same color at which the strip marked in Fig. 8 b
by the letter b glows corresponds to this point. Hence,
in this method, a certain deflection E (a particular interval
of values of the deflection e) corresponds to each colored
strip , The method is only suitable for large deflections s and
small dimensions of the layer that is studied, since otherwise
the distance denoted by 1 in Fig. 86 is too large [162].

The methods that were described in this chapter are used
very seldom even though they yield good results. The reasons
are the difficulties which arise when colored photographs are
taken and reproduced, since the inaccuracies in the reproduction
of the colors in this method reduce considerably the accuracy
of the results in the case when the density field is determined
quantitatively.
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Fig. 85. Photograph obtained during flow through
a cascade using colored grid placed in the image
focal plane of second lens. The photograph was in-
cluded with the kind permission of the VZLU
[expansion unknown; probably Aviation Research
Institute], and the author [191].

3.2.4. Interferometric Methods

The interferometric method requires in comparison with the
methods in group 3.2 that were presented much more complex
and expensive equipment, and the requirements on the service
are also greater. Nevertheless, recently it has been used
more and more frequently. The reason for this is that among
all the methods in group 3.2 that were presented, it furnishes
the most accurate data about the density field in the layer
that is studied. These data can also be obtained from the
interference images without particular difficulties, even
though laboriously, without special instruments.

On p. 84 it was mentioned that if the refractive index of
the layer that is studied whose thickness will henceforth be
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denoted by 1 (until now in
S...T most cases this thickness

V C was denoted by x2 - xl)
changes from the original
value no to the value n,
in each of these two cases
the ray will leave the

/ r layer with a different phase.
Hence the phase shift of

" the passing rays corresponds
to a change of the refractive
index in the layer, and

Fig. 86. Schematic diagram of to it, in the surrounding
equipment used to obtain colored medium with the refractive
images of pronounced inhomo- index n',corresponds the
geneities (M -- focusing screen; displacement As along the
D -- colored grid filter; trajectory given by the
V -- analyzedlayer; C -- dia- relation
phragm; 0 -- objective;
T -- focusing screen).

n1 (72)

which was given as (50) on p. 89.

When the change in the refractive index in the layer that
is studied is not the same everywhere, i.e. if n = n(y,z), the
phase and trajectory shift will be a function of the coordinates
y, z. This means that by determining the displacement As along
the trajectories at various points of the inhomogeneous layer,
it is possible to obtain data for determining the local values
of the refractive index, from which in turn the local values
of the density can be determined on the basis of the relation /127

fl- 1 u0 - I

SQo (73)

which we presented as (47) on p. 89.

The shift along the trajectory can be measured using
inteference, for example, in the following manner. Two rays
are obtained from the same light source, one of which passes
through the inhomogeneous layer in which we determine the
field of the refractive index, and the other passes through
the layer used for the comparison (for example, a layer with
the same properties which the layer that is studied had when
it had no inhomogeneities, and therefore had the same refractive
index nO everywhere). If, after passage through the layers,
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the rays are combined again, they interfere, provided they are
coherent. If the trajectory difference at the point where the
rays meet again is equal to an odd multiple of half the
wavelength X' of the light used (A' is the wavelength of the
light used in the medium in which interference occurs, which
here is the medium which we called the surrounding medium with
respect to the layer examined, and whose refractive index we
denoted by n'), i.e. if at that point

A =( 1where 0. 1. 3..... (74)

the light will be attenuated at this point, and if the intensities
of the two rays are the same the light will vanish. Con-
versely, the light will be intensified at points where the
trajectory difference of the interfering particles is equal to
an even multiple of the wavelength, i.e. where

As=2k -=.'. where k==.1.2. 3.... (74')

The dark and light fringes that are formed are called inter-
ference fringes. The record, a photograph of these inter-
ference fringes, serves as the basis for determining the
field of the local values of the refractive index in the layer
that is examined. This means that the data about the layer
that is examined are determined from the shape and grouping of
the interference fringes or possibly from their changes.

The images of the phase shifts of the rays, the interference
images, are obtained with the aid of interferometers. Hence,
in principle, the Michelson (Fig. 87) or Jamin (Fig. 88)
interferometers that are known from physics can be used [15,
16]. However, the Michelson interferometer has the disadvantage
that the rays in it pass through the layer that is examined
twice, which may cause inaccuracies when the records are
evaluated. The difficulty in the Jamin interferometer is the
small distance of the two separated beams which later interfere
with one another, so that its use is limited to cases when one
of the transverse dimensions, the dimensions in the directions
perpendicular to the direction of the rays of the layer /128
examined, is sufficiently small, as, for example, in the study
of a boundary layer. The improper position of the plane in
which the interference fringes are formed in another shortcoming
in both instruments. The interferometer proposed by Mach,
the Mach-Zehnder interferometer, is used exclusively for experi-
mental aerodynamic purposes [223]. A sketch of this equipment
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5 (in physics, similar equipment is
associated with the name

A Rozhdestvenskiy) is given in
Fig. 89. Compared to the two types
that were described, it has the

6 Aadvantage that the light passes
through the examined layer only
once, and that the separate beams0 ( can be separated from one another.
over a sufficiently large distance

3 2 so that if necessary, only
one beam passes through the
measurement space and the other is
completely outside this space.

The basic parts in a Mach-
Zehnder interferometer are
two plane mirrors Sl and S2
(Fig. 89) and two plane parallel

Fig. 87. Schematic diagram semipermeable glass plates Pl

of the Michelson interferom- and P 2 (a semipermeable plate
is a plate which reflects half /129

e .the incident light and lets
source; 2. lens forming the other half through). These

parallel pencil of rays; four basic parts are located in
3. plane parallel glass the instrument in such a way that
plate with reflecting when their centers are connected a

4.semipermeable layer; rectangle or square or possibly
4 plane parallel glassplae another parallelogram is formed.
plate like 3 without
reflecting layer; 5. fixed The mirrors and glass plates
reflecting layer; 5. fixed
mirror; 6. displaceable during the measurements are either

exactly parallel and subtend with
mirror; 7. observation the sides of the rectangle that
telum inous rays reflected was mentioned 450 angles, or at

by the mirrors c5 and 6 least one of these four elements
by the mirrors 5 and 6 is slightly deflected from the
enter and interfere

position that was mentioned as a
8. image plane of result of a small rotation about
reflecting surface of

the axis that passes through its
center, for example, perpendicularly
to the plane of the rectangle
that was mentioned (for additional
details,see p. 133) [226].

Another part of the Mach-Zehnder interferometer is a point
source of monochromatic light placed at the focus S of the
collimator objective,.or possibly the source is projected by the
condenser onto the collimator slit which lies at the focus of its
objective. Each light ray R emanating from the source S impinges
on the plate Pl which is semipermeable, i.e. it splits the ray R
into two parts: the reflected and passing ray, whose intensities
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are approximately one-half of
Sthe intensity of the incident

2 ray R. If the plate and mirrors
are mounted so that they are
parallel, the trajectory of the
passing ray is determined
by the points ABCD1 and the

r C trajecotry of the reflected
ray by the points AEFD1.

21 A part of the luminous ray is
also reflected at the point B,
so that it follows the trajec-
tory ABGMLK2, or, possibly,

Fig. 88. Schematic diagram due to the subsequent reflec-
Fig. tion at point G, the trajectory
of Jamin interferometer ABGHIK2. The reflection may
[15, 16] (Z -- light source; also occur at the point D, so

A and B -- plane parallel that a part of the original
glass plates; 1 and 2 -- ra ma also have the
rays which interfere with

trajectory AEFDLK2. All raysone another after reflection trajectory AEFDLK2. All rays
which finally arrive at point 1
will have the same phase at
this point, which also applies

to the rays arriving at point 2, both
of which follow from the assumption

IS that the mirrors and plates are
.. parallel and exactly planar, that

>i the two plates have the same
properties and are exactly plane
parallel, and that the medium between
the plates and mirrors is completely

S. homogeneous. The rays, incident at
9 fpoint 2 (and all similar rays) even

though they have, in comparison
N ,with the rays arriving at point 1,

a very small intensity, can never- /130
theless have a disturbing effect,

F Lsince the common value of the phase
C L of the rays at point 2 differs from

Sthe common value of the phase of the
t12 rays at point 1. Therefore, anti-
21 reflexive layers on the plates

SN are used to prevent them from impinging
on the screen. Hence, we may con-

Fig. 89. Schematic sider only rays which are analogous
diagram of Mach-Zehnder to the rays passing through point 1

interferometer. which will illuminate the screen
uniformly. This satisfies to a certain
extent all the assumptions and

requirements made on the properties of the parts of the inter-
ferometer which will be discussed later (see p. 140).
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Now if in one branch (for example, in the branch AEFDI,
see Fig. 89) of the interferometer inhomogeneities are f6rmed
as a result of the flow in the air layer that is examined through
which the rays from the branch pass, then, for example, the
ray of the branch under consideration passing through point 1 will have
at the point D a different phase than before. If this phase
shift corresponds to a trajectory displacement which is equal
to an odd multiple of half the wavelength, a dark spot is formed
as a result of interference with the ray ABCD1 at the point D
(and also at the point 1 and all points on the segment Dl),
since the ray ABCD1 is incident at D with the original phase.
Similar pairs of rays will form additional dark spots. On
the whole, dark fringes will be formed on the screen (or
possibly dark regions which do not have exactly the form of
fringes), and at each point of a particular fringe-, the phase
and hence also the trajectory difference of two rays which at
that point are disturbed by interference will have the same
value. For various k (k = 0, 1, 2, ...; see equation (74)
dark fringes of various orders will be formed.

We will now use (as before in most cases) the following
notation:

a) n and p are the refractive index and the density at the
point of the layer with the inhomogeneities that is examined
through which the ray AEFD1 passes; c and X are the velocity
and wavelength of the monochromatic light used during the
passage through the layer that is examined;

b) no, P0, co0 , and X0 are the symbols for the analogous
magnitudes in the homogeneous layer used for the comparison
which is located in the second branch of the interferometer,
through which the ray ABCD1 passed;

c) n', p', c' and A' will denote the analogous magnitudes
in the surrounding medium.

The difference of the optical paths of the rays AEFD1 and
and ABCD1 (and similar pairs of rays) is

ASot = ( - n0o)1, (75)

since the layer that is examined and the layer used for the
comparison have the same thickness 1. In the surrounding medium
the path difference given by relation (72) corresponds to the
above difference. From equations(72) and (74), we obtain for
the changes in the refractive index at which the dark inter-
ference fringes are formed the relation
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n -no I 2'
n' I (2k-- 1)~ , where = 0, 1.2,3 .. , (76)

in which we can take, on the basis of (73),

no -- 1
n - "o= ( -0),

Qo (77)

so that we obtain for p

C - 2 n' 2k 1
1 -- 2 0" (78)

- o 2. 2k - I

= --- 9o where k = . 2, 3 .

in which the second equality holds because n' = cv/c' = Xv/X',
where Xv is the wavelength of the monchromatic light used in
vacuum and cv is the velocity of light in vacuum. Since
Xv and Z are known and pO/(no - 1) = 1/K, according to (73),
this fraction has a constant value which we can easily determine
in advance (for example, for air we already calculated
K on p. 89 and denoted the value by KO, so that for air the
the fraction under consideration will have the value 1/KO),
and it suffices, obviously, if we determine the density p0 of
the layer used for the comparison and determine the order k
of the interference fringe. After substitution in (78), we
obtain the density along the line in the measurement space, which
corresponds to the given interference fringe and hence indicates
the point.where the density p is the same. When the local
density is known, additional data can be calculated, data
about the local velocity, pressure, the Mach number and
temperature [for example, 215, 217, 212, 239, 240, 242 and
others].

A procedure which is often used is to determine the density
at a point of the layer which corresponds to some point through
which the interference fringe in the interference image passes
on the basis of the measured static pressure at that point in
the layer. This is'usually done at several points in the
layer. If the observed layer is bounded by glass walls, holes
are drilled into them at selected points which are used for
measurement of the static pressure. The images of these holes
are in the field of view (Fig. 90), so that we can find the
interference fringes passing through the centers of these
images. If the interference fringe passes through the center
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of a particular hole, the pressure at these points of the layer
which correspond to the interference fringe under consideration
may be considered to be equal to the static pressure measured
at the point where the hole is located. However, since the
pressure is measured at the point where the opening is the
inlet into the measurement space, i.e. near the wall of the measurement
space, and this pressure is not identical with the pressure
at those points in the layer which lie on the line through the
center of the opening across the layer, i.e. on the line
perpendicular to the walls (cover glasses) of the measurement space,
the accuracy of the data that were obtained in affected. How-
even, any other method of measuring the pressure would disturb
the flow.

Fig. 90. Interferogram with images of openings
used for measurement of static pressure [2].
(Interferometer adjusted for infinite width of
fringe.)

The densities corresponding to two neighboring interference /132
fringes differ according to (78) by

Io A,

S-- i (79)

so that if we know the density corresponding to a particular
interference fringe, we can easily determine the densities
corresponding to other interference fringes. Of course, we must
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know on which side of the interference fringe that was identified
the density increases. When k is the order of the identified
interference fringe, the fringes whose order is higher than
k, and to which, according to (78), correspond higher values of
the density are distributed from the fringe that was identified,
in the direction toward the point where the velocity on the
streamlined body is zero, since, at this point, the pressure is
higher than at the points corresponding to the identified
fringe. Fringes whose order is lower than k are distributed
in the direction from the identified fringe toward the point where
the velocity is a maximum (Figs. 91 and 92).

The plotting of interference images in the form of drawings
which are later evaluated causes sometimes difficulties
because of the great width of the interference fringes. This
difficulty can be surmounted by subjecting the photographs to
a special photographic process called equidensitometry [21],
by means of which two very narrow lines are obtained from one
wide fringe.

A Mach-Zehnder interferometer can also be used for the
study of inhomogeneous layers in a different manner. By
turning a mirror or plate, for example, by rotating the plate
P2 about the axis which passes through its center perpendicularlygo /134
the plane given by the centers of the plates and mirrors (the
plane in Fig. 89), we obtain a case which is similar to the
case in which the light passes through a wedge, in this case
an air wedge. We will analyze what happens in such a case.
The surrounding medium is considered to be entirely homogeneous
and its refractive index is again denoted by n'.

The optical paths of the rays in both branches of the
interferometer will now no longer be the same (even though, for
the time being, we do not consider the insertion of the examined
inhomogeneous layer in one branch of the interferometer and
the layer used for the comparison in the other branch!). Their
difference depends on the angle of rotation of the plate and on the
distance of the ray from the axis about which the plate was
rotated. Hence, we may assume that the pencil of rays passing
through one branch of the interferometer (for example, the branch
in which the measurement space will be inserted must, in comparison
with the rays in the other branch, also pass perpendicularly
through a wedge with a small refracting angle a, which has a
refractive index that will be denoted by no). The rays in this
branch, unlike the rays in the other branch, will have a
trajectory displacement which, in the surrouding medium with
refractive index n', has the value

As = -
n d n= 80)
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where d is the thickness of the wedge at the point where the
ray studied passes through the wedge and e is the distance of
this point from the edge of the wedge.

It is obvious that for some e,conditions (74) will be satis-
fied after the light disappears. According to (74) and (80),
the light will disappear when

(2k 1) / -o(k 1) where k = 0,1, 2,3,... (81)

x2 no 2 ,

and where Av = X'n' is the wavelength of the light that was
used in vacuum. Hence, dark interference fringes will be formed
in the field of view of the interferometer (Fig. 93) which are
parallel to the edge of the wedge (i.e. to the axis about which
the plate was turned). The distance b between two neighboring
fringes will be the same everwhere and equal to

2vno Ano (82)

(If the plate and mirrors are in mutually parallel positions,
i.e. if a = 0, according to (82), the distance b between the
neighboring interference fringes (and their widths) will increase
without limit. Therefore, in this case, which we already
discussed on pp. 128-132, we talk about adjusting the inter-
ferometer to an infinite width of the fringe.)

Now if the inhomogeneous layer with refractive index n
and thickness 1 is inserted in one branch (for example, the
branch EF) of the interferometer, the trajectory difference (80)
changesby a value which corresponds to the change in the
refractive index from the value no to the value n (we assume
that in the place where the layer is inserted, the air was
originally still, and therefore we use for the original re-
fractive index the same notation as for the refractive index in /135
the wedge considered above, which is also formed in still air).
This change in the surrounding medium with refractive index
n' is given by the expression [(n - nO)/n']Z, so that the
total displacement along the trajectory of the ray passing
through the branch containing the inhomogeneous layer that is
examined, unlike the ray that passes through the second branch
of the interferometer, in the surrounding medium with refractive
index n', will now be given by the expression

s no it - fl/- 4 1 (83)
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instead of expression (80). However, this means that the
position of the original dark interference fringes will also
change (i.e. those that were formed before the inhomogeneous
layer that is examined was inserted in one branch of the inter-
ferometer, as a result of turning the plate P2 ; see p. 133),
since, due to the change in the trajectory difference of the
rays, the condition for the vanishing of the light will now
be satisfied for a different thickness d' of the wedge, i.e. at a
different point e'. From equation (74) and equation (83),
in which we will write d' instead of d on the basis of what
has just been said, we find that the light will disappear as a
result of interference when the condition

(2k A1) - d' I = -- e - . where ;' = i. 1.

is satisfied, where the second equality holds on the basis of
the relation d' = ae', where a is the refracting angle of the
wedge. From the above, we obtain for e' which gives the new
position of the dark interference fringe, using the relation /136
X'n' = Xv, the expression

= (2k - ) where k 0. 1.2. 3.
2no x where (84)

When we compare the expression that was just obtained with
expression (81) for e which gives the original position of the
dark fringe, i.e. its position before the inhomogeneous layer
that is examined was inserted in one branch of the inter-
ferometer, and also when we compare equations (80) and (83),
we find that if n - no is positive, the original displacement
along the trajectory is increased and the change Ae = e - e'
in the position of the original interference fringe is in the
direction of smaller d, i.e. in the direction toward the edge
the wedge (to the axis about which the plate P2 was turned;
see p. 132) and the converse will hold when n - no is negative.
According to (81) and (84)

n - no0Ae=-e = e- , (85)

so that we obtain, for the ratio of the change in the position
of the fringe to the original distance b between the interference
fringes with the aid of equation (82), first
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Ae 1- (n - n( )
, 3, (86)

and, taking into account (77),

Ae I no- 1 Qo)-
b Qo (87)

This equation determines the relation between the change in the
position of the interference fringe and the change in the
density. From the above we obtain, for the unknown density,

- 2o -2 = Coe- (88)
b n--- 1

where

C, no -  bl is a constant; hence for Ap = p - po

we obtain
Ao = CoA e.

(89)

On the basis of expression (88), the density can be deter-
mined at any point of the layer that is examined provided we
measure.the change Ae in the position of the interference
fringe as discussed in the next section. The unknown density
p however is determined, according to (88), as a function of
the density po in the homogeneous reference layerifor which the
surrounding medium can also be used. The original interference
image formed by the parallel equidistant fringes with thespacing /137
b given by relation (82) belongs to this reference layer. The
reference medium for the density po is the surroundind un-
disturbed atmosphere in the case when the flow around bodies
in flight (projectiles, etc.) in the free atmosphere is studied,
or during the study of axisymmetric outflow of air from a nozzle
into the free atmosphere. During the observation of flow in
tunnels, the reference medium is the air in the so-called
compensation chamber which is inserted in the branch BC of the
interferometer (the measurement space in the tunnel is in-
serted according to the previous prerequisite in the branch EF)
or the undisturbed flow in the tunnel before the part of the
measurement space that is examined [212]. In the last case, the
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rays from both branches
of the interferometer
pass through the
measurement space,
i.e. through the
same cover glasses.
This method is
predominately suitable
only for supersonic
flow when the flow
before the shock wave
or the front wave
of the streamlined
body is not disturbed.
The compensation
chamber is a sealed
vessel, whose walls
which are perpendicular
to the direction of
the rays in branch
BC,form two parallel
glass plates with the
same properties as
the cover glass of
the measurement space.
The air inside the
chamber is either
constantly maintained
in the same state,
or the chamber is

Fig. 91. Interferogram of flow field connected by a tube
in a cascade [10]. (Interferometer with the opening used
adjusted to infinite width of fringe.) for the measurement of

the static pressure
of the undisturbed
flow in the tunnel.

The interference fringes are usually evaluated from photo-
graphs. To facilitate this operation, various preparations or
apparatus and useful techniques can be used. The basic
measurement is the measurement of the distance Ae at the
required points. If we want to determine the density p at
a point M of the layer that is examined, the Ae, which,
according to equation (88), must be known, is determined as
follows: we find (the shifted) interference fringe which
passes in the field of view through the image M' of the point
M, and next we find the original position of the same fringe
(in this original position the fringe was straight, whereas
in the shifted position it is usually not straight), and finally
we determine Ae as the perpendicular distance of the point M' on
the shifted fringe from the original position of this fringe
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(Figs. 94 and 95). The original
position of the fringe is the
position which it occupied in
the case when the examined layer
was either not yet inserted in
one of the branches of the
interferometer, or when it was
inserted there but was not yet
homogeneous (for example,
because the air did not yet
circulate in it or circulated
in such a way that the flow
field was homogeneous) and had
the same density po everywhere.
For example, a comparator with
a reading microscope with a
capability for mutually perpen-
dicular shifts is used for the

Fig. 92. Interferogram of measurement of Ae.

flow around cylindrical
body with conical front Since, to determine Ae, theparbody with conical frometer original position of the inter-adjusted to infinite widferometer ference fringes must also be known,of fringe.) the original fringes are copiedin thin cutouts on the photograph

that is evaluated to facilitate
the evaluation, or the original positions of the fringes are
obtained through extrapolation on the basis of the known behavior
of shifted fringes at points (regions) where it can be assumed
that the original state did not change, so that the fringes were

Fig. 93. Interference fringes obtained with the
aid of the Mach-Zehnder interferometer adjusted
for an infinite width of the fringe. The
measurement space is free of inhomogeneities [10].
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not shifted at those points. However, this second method may
lead to inaccuracies, since the assumption that was made need
not be satisfied exactly in the regions under consideration.
Although a similar assumption is also used in the mutual
pairing of the shifted and original fringes in the first method,
the danger of errors is smaller since the original (straight) /138
fringes are copied (in cutouts) on the photograph that is
evaluated, so that their direction and positions are known.
Another procedure that can be used is that the corresponding
grid is prepared in accordance with the original interference
image (which was obtained, for example, when the medium in the
measurement space was quiescent, the tunnel was blocked),
which is copied together with the photograph, or is photographed
simultaneously with the flow that is examined (Fig. 96). When
photographs of flow fields with large changes in their
refractive index are evaluated (for example, at points through
which a shock wave passes) the high concentration of the
fringes caused by their large shift over a small width causes
difficulties. Since, for purposes of accuracy, it is advantageous
to adjust the interferometer for very dense interference fringes,
in some cases it is not possible to study the interference
fringes during the transition through such regions. However,
when light which is not perfectly monochromatic is used, usually
not all fringes have the same intensity, so that their behavior
can be traced more easily in these cases. Mathematical machines,
for example, a mechanical analyzer, which calculate and
record the pressure distribution from interference images have
also been constructed [230].

Fig. 94. Interferogram of flow around wing with inter-
ferometer adjusted for a finite width of the fringe [5].
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At first sight, the interfero- /139
metric method of studying the flow
seems to be rather simple. In fact,

l when the assumed ideal properties
of the optical parts are not satisfied
and when the disturbing surrounding

- - effects manifest themselves, its use,
Ae- especially during the adjustment and

elimination of disturbing effects
Fig. 95. Diagram for by means of various corrections is
discussion on p. 136. very laborious and time consuming,

which also reduces the accuracy. The
inaccuracy of the method itself,

when used as described, is sufficiently small when the density
is determined and it depends on the type of the flow field that
is studied. In the usual cases, it can be held below 3% up to
a Mach number 6 [146, 212]. However, the inaccuracies in the
equipment and the deviations from the assumptions that were made
in the analysis of the method have a substantial effect on the
measurement error. Thus, for example, the glass plates and the
cover glasses of the measurement space are not exactly plane
parallel, homogeneous, and they do not have the same refractive
index; hence, they are not completely identical, for instance,
also, due to the effect of the temporary birefringence of the
glass caused by mechanical stress. Mirrors are never exactly
planar. The uneven temperature in the surrounding air through whichthe

i*II

Fig. 96. Interferogram of flow around a wing
and grid with original distribution of inter-
ference fringes [212].
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rays pass, the nonuniform temperature distribution in the glass
plates, the vibrations in the entire equipment and the
acoustical waves in the tunnel, the effect of the cover glasses
of the measurement space on which the existing boundary layer
changes the two-dimensional character of the flow, etc. are
the disturbing effects which occur most frequently.

Other problems are introduced by the light source which is
not exactly monochromatic. The finite width of its spectrum
limits the maximum number of fringes that can be obtained, since
it limits the smallest possible width of the fringe for which
the entire field of view is covered by fringes. For one end /140
of the spectrum of the light that is used (which is roughly,
but not exactly, monochromatic) a dark fringe is formed at a
certain point, but, for example, a light fringe from the light
at the wavelength belonging to the other end of the spectrum
of the source is formed at the same point which distorts the
interference image. Another limitation on the number of
fringes that can be obtained follows from the fact that the light
source is not exactly a point source. Therefore, not all
rays pass through the glass plates at the same angle, their
paths in the plates are not the same, and undesirable phase
shifts in the rays are formed.

Light refraction causes difficulties during the observation
of strong inhomogeneities in the layer that is examined [215, 219,
239]. The path of the ray is curved during the passage through
such a region (see p. 84), which changes the interference image,
the fringes cross one another, spread, and sometimes the
photographs at such points become unreadable and the data that
are obtained (provided that in this case they can be obtained
from the photographs) are inaccurate. Hence, on the whole, it
is desirable to now discuss the requirements which must be
imposed on the properties that will ensure the best functioning
of the individual parts of the equipment and of the equipment
as a whole.

The typical method used to assemble the equipment is
illustrated in the drawing in Fig. 97, and the photograph is
given in Fig. 98. The light beam emanating from the source
must be converted by the lens Cl, the objective of the colli-
mator, into a parallel pencil of rays which passes through the
interferometer and then through the lenses C and C3 which
focus the selected plane U in the measuremenZ space (the examined
layer) simultaneously with the interference fringes on the
photographic plate or screen (focusing screen). Hence, the
mirrors and plates must be adjusted so that the pencils of rays
passing through the two branches leave the interferometer at /141
such angles that the unreal image of the interference fringes
is formed in the desired plane U of the layer that is studied.
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VS If the measurement space
is covered by glass plates,
identical plates must also

S S be inserted in the second
branch of the interferometer,
of course, as long as the

f beams in both branches do
not pass through the
measurement space [213]. This
is-done in order that the optical
paths of the rays in both

4M branches do not differ
much. Sometimes, instead of
the other plates, a com-
pensation chamber is also
used (see p. 136). The
arrangement of the plates
and mirrors must not always
be such that their planes

T . subtend a 450 angle with
the direction of the rays.

A requirement on the
Fig. 97. Schematic diagram interferometric equipment
of Mach-Zehnder interferom-
etof ach-Zehnder interferom- which is not easily satis-eter. (S - light source; CI-  fied is that parallel
objective of collimator; P1  interference fringes of the /142
and P 2 - semipermeable glass same width be obtained during
plates; Sl and Sp - mirrors; the observation of a
M - measurement space; R - com- homogeneous layer. Some

homogeneous layer. Somepensation chamber; C3 and C2 - equipment achieves this
lenses forming the image of with a dispersion which is
the plane selected in the 1/10 of the width of the
measurement space and sinul- fringe. It is obvious that
taneously the inferference it is much more difficult
fringes on the screen,,fo- to retain thisdispersion
cusing screen or photographic value in plates and
plate; T - screen). Other mirrors whose dimensions are
version exist in which in- relatively large. It is
stead of the lenses Cl and C3, difficult to manufacture
mirrors are used; see, for homogeneous glass plates of
example, Fig. 106. The right large dimensions. In
part ofthe diagram gives the addition to this the flexural
drawing of a detail in the deformation of the plate
schematic diagram of the light has an unfavorable effect
source (V - discharge tube; in those cases when the
K - condenser which projects the plates are not vertical.
glowing dischrage into the slit Similarly as the plates,

Similarly as the plates,S of the collimator; the lumi- the cover glasses of the
nous surface S' of the slit tunnel and the compensation
represents the light source chambers must have excellent
S of the interferometer). optical properties. In order
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Fig. 98. Mach-Zehner interferometer manufactured
in Czechoslovakia, based on a proposal of workers
at the VZLU [217]. (The photograph was included
with the kind permission of the VZLU management
and the author [217].

that the effect of these parts do not cause a distortion in the
interference images which is larger than 1/10 f the width of
the fringe for green light at wavelength 5000 A, their
refractive index must be constant with a tolerance which is
equal to 2.10-6 for 2.5 cm thick plates. The thickness of the
plates whose dimensions are larger must of course be
greater, the ratio of the thickness to the width (in the case of
a circular plate to the diameter) which is required for
reasons of strength in operation and manufacturing lies between
1:7 to 1:10. The largest plates used until now had diameters
of approximately 30 cm [231].
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The thickness of the semipermeable glass plates must not
differ by more than 1/12 and the thickness of the cover glasses
of the measurement space and the compensation chamber by more than
1/3 of the wavelength of the light that is used. All surfaces
reflecting the remaining light must be worked with the same
precision. The effect of small local deviations from homo-
geneity or from a constant thickness of the plates (provided
they are not too irregular; hence, for example, in the case of
wedges) can be moderated by the mutual turning of the plates
about the axes which are perpendicular to their surface,or
also be changing very slightly the angle at which the rays are
incident to the glass of the compensation chamber, which,
in the basic adjustment, is 900. It also helps when the
positives are obtained from the plate or film to incline the
plane of the photographic paper so that a positive with
parallel fringes corresponding to the still air in the tunnel
is obtained. The same inclination must then also be presented
when the positives are obtained in the case of an airflow..

The front surface of the glass plates P1 and P 2 (Figs. 89
and 97) must have an appropriate coating which lets through
approximately 50% and also reflects approximately 50% of the
intensity of the incident light (among other things, the
absorption in such a layer must be very small), and the rear
surfaces must have a layer which prevents the formation of un-
desirable systems of interference fringes from the rays
reflected from the rear walls of the plates. The rear walls
of the cover glasses and of the lenses must also have such
antireflexive layer. Mirrors must reflect more than 90% of
the intensity of the incident light [16, 217]. Generally, the
absorption in all optical parts must be as small as possible.

All optical parts, especially mirrors and plates must
be impeccably clean. Dust, fingerprints or grease spots diffract
the rays, whose interference may subsequently form disturbing
interference fringes. This danger is great mainly in laser
interferometers (see p. 147).

The adjustment of the interferometer requires that it be
possible to turn each of the plates Pl and P2 about the
horizontal and vertical axes, both of which must lie in the
plane of the reflecting surface. In addition to this, one of the /143
plates (usually P2 ) must be adjusted so that it can
move in the direction of the rays, thus changing the
relation of the optical paths of the rays in both branches of
the interferometer. Therefore, the plates are inserted in
frames (in a way which will prevent deformation of the plates
even when the inhomogeneities can be corrected by
controlling the deformation [213]) and suspended in gimbal
suspensions, and the plate P 2 is also mounted on slides. The
plates are turned via remote control, since the presence of
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a person servicing the equipment would raise the local temperature
in the equipment and in the air, which are highly unfavorable
disturbing effects. Bowden. cables, clock electromotors,
selsyns, etc., which are connected with multiple gears and
can be adjusted so that the position is determined with an
accuracy of 1" are used (see Fig. 99) [217, 212, 213, 232].
For a more perfect adjustment (during the setting of a larger
initial path difference; see below p. 145), one of the cover
plates of the compensation chamber was also turned [215].

Suitable light source are high-performance, high-
pressure mercury discharge tubes with input powers raised for a
short period up to 10 kW,and spark discharges (see p. 108),
Fig. 72). The basic requirements are that the dimensions of the
source be small, a high intensity of the light,and
the exposure times must be very short, on the order of
several microseconds, because of the instability of the flow
(especially at high velocities). A certain part of the intensity
of the source is lost to the monochromatic filter which is
indispensible during the normal use of the method. Recently,
experiments were made using a laser as a light source for
interferometers. Through the use of lasers, certain difficulties
which follows from the fact that classical light sources are
not perfect point and monchromatic sources and the the coherence /144
of their rays is only limited to small path differences, roughly
to ten wavelengths of the light used, can be
eliminated almost completely. All this facilitates considerably
the adjustment of the interferometer [237].

The entire optical equipment from the source to the
camera must be firmly secured on a sufficiently rigid frame to
prevent vibrationsof the partsand of the entire equipment. For
these reasons, the grips on the frame in the supporting struc-
ture are supplemented by vibration dampers (in smaller
equipment, by rubber blocks)) or possibly suspensions on rubber
ropes [215].

These requirements are especially high on theseating of
the mirrors and plates in the interferometer itself. The
light source, the condenser, the collimator, the objective,
and the camera are often located on an independent optical bench
which is separated from the frame of the interferometer.
This protects the interferometer from possible shocks that
arise during the manipulation of the components in the illumi-
nation, image-forming or recording unit.

A pentaprism is used most often for the initial
adjustment of the interferometer when the plates and mirrors
subtend with the incident rays a 450 angle [225], although
other methods can also be used [146, 215, 217]. Then the
plates (or only one plate) are turned through a small angle until
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satisfactory interference
fringes are formed. De-
pending on the axis about
which the plates were
turned, the fringes that
are obtained are either
parallel to the plane in
which the centers of the
plate lie, or the fringes
are perpendicular to this
plane. Then the equipment
must be focused with the
aid of the lenses C2 and C3(Fig. 97) on the
selected plane in the
measurement space and the
sharpness and contrast of
the fringes must be
preserved by turning the
plates. The focusing is
facilitated by inserting a
wire mesh in the selected
plane. After the various

Fig. 99. Plate in gimbal suspen- errors in the equipment,
sion. It is a part in the mainly the errors due to

the refraction of the raysinterferometer in Fig. 98
(the photograph was included in the inhomogeneities inthe measurement space have been
with the kind permission of the
VZLU and the author [217]). moderated, it is advantageous

to focus on the plane in the
middle of the measurement space
[146, 215]. A monochromatic

source with a lower intensity than that used during the
measurement is used. Usually, it is a sodium or cadmium lamp.
The additional measures that already have been described prove the
quality of the initial interference image, i.e. the parallelism
of the fringes.

The adjustment of the interferometer to an infinite width
of the interference fringes (see p. 133) is even more
laborious. The white light (from the bulb) passes through the
interferometer with the plates and mirrors adjusted at a 450
angle,and the zero-th order interference fringe (which has the
highest intensity) must be spread over the entire field of view
until the illumination in the field of view is uniform. This
is achieved by shifting the plate P2 in the direction of one of the
light beamswithout turning the mirrors or planes. Using this
method, the result which must be achieved is that the
beams in the two branches of the interferometer have the same
optical path. After this basid adjustment of the interferometer
to an infinite width of the fringe, it is convenient to set a
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certain selected initial trajectory difference before the
measurement. This difference (which is constant over the
entire field) must be such that it is roughly compensated by the
trajectory difference formed in the flow region which is of
greatest interest to us during the measurement. We then ob-
tain in this region much clearer interference fringes than we /145
would have without setting the initial trajectory difference,
which is especially evident when a source of light that is not
sufficiently monochromatic is used [213, 224, 230, 233, 217, 215,
157].

Hence, three different types of interferometric images of
the same flow field can be obtained by different basic ad-
justments of the interferometer. This is evident from the
drawing in Fig. 100. The adjustment method yielding an image of
type B' is usually preferred over B", since more data
about the shift of the fringes in the vicinity of the leading
edge of the profile can be obtained from B', because in the case
B' the fringes at this point are denser than in the case B".

Interference images (Fig. 101 c) which are similar to type B
in Fig. 100 can also be obtained photographically, by copying
on one paper the positive of the image 101 a and the negative
of the image 101 b. A photograph of the same flow field
obtained with the aid of an interferometer adjusted to an
infinite width of the fringe is given in Fig. 101 d for a
comparison.

The functioning of the entire equipment depends on the
proper choice of the type of tunnel and its dimensions to be
used together with the interferometer. For two-dimensional
studies, the measurement space should have a rectartgular cross
section and for the study of flow around axisymmetric bodies,
the measurement space should be cylindrical. The tunnel and the
measurement space must be adjusted so that the flow in the measurement
space is not disturbed. The selection of an open or closed /147
circuit in the tunnel must be considered from several points of
view. I.ln a closed circuit it is mainly the disturbing effect
of the air which is heated during the flow, and in the
measurement space, the disturbing sound waves which propagate
from the blower in the direction of the flow or possibly against it.
The first unfavorable property of closed circuits can be
moderated sufficiently well by cooling; however, the second
cannot be moderated easily; the design of the tunnel must be
changed. In an open tunnel, these effects are eliminated;
however, the condensed vapors in the air have a very unfavorable
effect.

The suspension of the model in the tunnel must not disturb
the flow. Recently, the ONRA [expansion unknown] magnetic
suspension has been used advantageously [202]. When the model
is mounted on the pins in the openings of the cover plate of the
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S' B B" B' 8 6"

Fig. 100. Principle for various methods used to
adjust the Mach-Zehnder interferometer:
B - adjustment to infinite width of fringe;
B', B" - adjustment to finite widths of fringe;
A - investigated layer; C - screen.

measurement space or glued to them, the plates must not be bentas a result of stress. The depth of the measurement space must
be selected taking into consideration the processes that will
be studied, so that the refracted light does not distort the
interference fringes at a great depth. Since the number of
fringes also depends on the density in the measurement space, it
is convenient to vary the density (tunnels with a
variable density of air).

Interferometric methods can be used for the study of a
large number of different cases of flows in a wide range of
Mach numbers from M = 0.2 up to highly supersonic cases. They
can also be used at very low pressures [236], for example,
a shock wave was determined in nitrogen already at a density of
1.5.10-3 kg/m3. Some illustrations which indicate their use
have already been presented earlier,and several other illustrations
are given in Figs. 102 through 104. Although the boundary
layer is very clear in Fig. 104 c, the quantitative evaluation
caused problems, since the effect of temperature changes caused
by friction also contributes to the shift in the interference
fringes. The method is also very suitable for the study of
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Fig. 101. a) Interferogram of quiescent field (flow
field without inhomogeneities). Interferometer adjusted
to finite width of fringe. b) Inteferogram of flow field
with inhomogeneities (adjusted to finite width of fringe).
c) Moar6 image resulting from superposition of interfero-
grams of type 101 a and 101 b. d) Inteferogram of the
same flow field obtained with the aid of an interferometer
adjusted to an infinite width of the fringe [146].
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unstable processes. Photographs obtained by the shadow method
can also be obtained with interferometric equipment (see p. 154)
by stopping down the branch of the interferometer which contains
the compensation chamber. Equipment which makes it possible to
obtain from the same measurement space simultaneously photographs
using the interference method and the diaphragm schlieren
method has also been designed (see p. 153). Drawings of these
modifications are given in Figs. 105, 106 [146, 159, 218, 219,
220, 221, 238, 242 and others].

The method taking advantage of the interferometric method that
was described is used most frequently and yields the best
results. In spite of this several attempts were made to use
other types of interferometers [227, 228, 230].

In the last few years a laser has been used as the light
source for interferometers. Due to the the differences between
the properties of a laser light source and the properties of
classical sources, the bases for new designs of interferometers
for use in the mechanics of fluids have been obtained. For
example, a ruby laser can be used for these purposes, which
gives single light pulses whose duration is 0.1 microsecond.
The coherence of its rays is adequate for use in interferometers;
however, the energy of the pulse must be limited so that the
optical parts of the interferometer are not damaged during
strong pulses, and there is also the danger of injury to the
eyes.

The advantages of using a laser are primarily that the /150
time coherence is preserved sufficiently well even when the
differences in the trajectory of the particles are large, on the order
of several to several tens of centimeters. This eliminates the
requirement that the mirrors and plates in the individual
branches of the interferometer have the same thicknesses. This
fact together with the good spatial coherence of the
rays manifests itself in a substantial reduction of the
laboriousness with which the Mach-Zehnder interferometer is
adjusted. In addition, it also facilitates the assembly of new
types of interferometers. In addition to using a laser as the
light source in a Mach-Zehnder interferometer when the necessary
light beam is formed from the narrow pencil of parallel
light rays emanating from the laser with the aid of the lens,
simpler interferometric devices can be assembled with the aid
of a laser. Advantage is taken of the fact that the ray
passing through the second branch of the interferometer can
remain very narrow, so that it can pass through the measurement
space at a suitably chosen point, or possibly through a certain
point in a separate part of the measurement space which represents
the compensation chamber. From the narrow beam
emanating from the laser, using, for example, a double prism
and a diverging lens (Fig. 107), a thin reference ray and a
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Fig. 102 a, b. Interferograms obtained with interferometer
manufactured by the firm Novotechnika, FRG., a) flow through
cascade; b) flow through nozzle.
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b S 2 4

Fig. 103. Interferometer manufactured by the firm Novotechnik,
FRG. a) Interferometer in position for basic adjustement.
b) Schematic diagram of interferometer. The meaning of the
symbols is the same as in Fig. 97. S3 and S4 are accessory
mirrors forming a periscope whose use is of no essential
importance. It is used to achieve the result that the axis
of the emanating beam is identical with the axis of
the entering beam so that the illuminating and
image-forming parts have colinear optical axes.
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Fig. 103. Interferometer manufactured by the firm
Novotechnik, FRG. c) Relatively large type of
interferometer manufactured by the firm Novotechnik
in operating position near wind tunnel at the
Institute of Thermodynamics of the Czechoslovak
Academy of Sciences.

diverging beam are formed from which a beam which
fills the entire cross section of the measurement space is obtained/ 1 5 3
by a converging lens. The reference ray must pass through the
image focal plane of the second lens, outside the area occupied
by the principal beam in this plane. The reference
beam is spread on the screen (the focusing screen
of the camera) with the aid of a small diverging or converging
lens placed in this plane so that the areas illuminated by
the two beams3 on the screen cover one another (Fig. 108).

If the reference ray cannot pass through the measurement
space, it can be guided outside the measurement space with the aid of
of a periscope consisting of four small mirrors or prisms,
taking advantage of fiber optics. If, as a result of this measure,
the trajecotry difference is large so that,
after the two rays are combined, coherence is not preserved,
the optical path of the measurement beam must be lengthened
and the equipment must be adjusted similarly as the Mach-Zehnder
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Fig. 104. Interferograms obtained with interferometer ad-
justed to a finite width of the fringe: a) flow around
a projectile [146]; b) flow through cascade.
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interferometer. Very
small mirrors can be
used in the branch of
the reference ray in
the process.

Hence, interferometers
with a laser light source
have many advantages.
In addition to those
that were already men-
tioned, the additional
advantages are the
simplicity of the optical
equipment requiring a
substantially smaller

Fig. 104. Interferograms obtained number of high precision
with interferometer adjusted to a optical parts than the
finite width of fringe: c) flow Mach-Zehnder interferometer
around plate with a sharp edge [146]. and also the smaller

sensitivity to vibrations.
On the other hand, however,
complications arise during

the operation and when the laser is adjusted. The possibility
that disturbing interference fringes caused by the interference /154
of the rays reflected from the optical parts or possibly
diffracted on the impurities (dust, grease and fingerprints on
the optical parts) are also a disadvantage. The possibility
that this may happen is considerable due to the high spatial and
time coherence of the light from the laser [237].

Attempts were also made to apply a procedure used in
holography. The principle of this procedure during the
analysis of the density field in the measurement space is as
follows: a coherent beam of light with the required
cross section is obtained from the laser, for example, with the
aid of a lens. It is split by diaphragms into two beams,
one of which, the measurement beam passes through the
measurement space, and the second, the reference beam
passes outside the measurement space. Using a wedge or mirror,
etc., the result is achieved that the two beams are mutually incident at
some small angle at the photographic plate in whose plane they sub-
sequently interfere. This arrangement represents a simple
laser interferometer (Fig. 109).

In the case when both beams consist of parallel rays
and there is no inhomogeneity in the measurement space, equidis-
tant interference fringes are formed on the photographic plate /155
after it is developed similarly as in the Mach-Zehnder
interferometer adjusted to a finite width of the fringe. If
there is an inhomogeneity in the measurement space, we obtain,
as a result of interference, an image which records the changes that
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occurred in the measurement
7 space. The photographs that

- are obtained are called
holograms, which are analogous
to the interference photo-

Sgraphs from the Mach-Zehnder
interferometer with the

K exception that no plane in
the measurement space is focused
on the photographic plate,
and also that the maximum
density of the interference
fringes (the number of inter-
section points per unit
length of the orthogonal)
is much higher, up to

S100 fringes per 1 mm.

Such a hologram is now
i t inserted in the path of the

light beam (the so-called
reconstruction beam),
which must have the same

Cm Iproperties as the reference
beam, the same wavelength,

T - the same shape, the same
incidence direction as during

Fig. 105. Schematic diagram of the hologram exposure (this
equipment layout for obtaining means that when the hologram
simultaneously photographs by was obtained and the reference
diaphragm and interference beam consisted of
methods (Z - light source; parallel rays, the rays of the
K - cQmpensation plate; reconstruction beam must

M - measurement space; C - knife be parallel, whereas when the
diaphragm; T - plane of reference beam was divergent,
image; the permeability P1 of the reconstruction beam must
the plate is 70%). have the same divergence).

The hologram represents an
optical grid on which the rays
of the reconstruction beam

diffract and form diffraction maxima. Only first-order maxima
can be observed clearly which are given by two images
one real and the second unreal.
The wave fronts dfboth maxima are the same as the wave fronts
of the measurement beam during the hologram exposure, so that
the original wave front of the measurement beam is reconstruct6d.

Two exposures are made on the same photographic plate
(film) produced by two identical light pulses from the laser when
the interferograms are obtained from the holograms of the
flow fields, the first without the flow field, producedby the
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Fig. 106. Schematic diagram of layout for simulta-
neous analysis by diaphragm and interference methods
(1. position of image obtained by interferometer;
2. position of image obtained by diaphragm method).

measurement and reference beam, which
3gives a system of equidistant parallel

interference fringes, and the second
2 with the flow field in the measurementS-space also produced by the reference

and measurement beam. After development
of the photographic plates that were
exposed twice, we obtained the hologram.Fig. 107. Schematic

diagram for forming Next, by inserting the hologram in
the thin reference the reconstruction beam of light, we
beam , 1 and the reconstruct the wave front which would
diverging beam impinge on the photographic plate
2 from beams from during the simultaneous action of

the laser 3. the measurement beams from
both exposures. After

circling out the zero order maximum, weobtain on the next photographic plate
(possibly with the aid of a camera) placed behind the hologram
the interferogram whose fringes denote the points with the
same difference in the optical paths of the rays during both
exposures, i.e. an interferogram which is analogous to that
which we would obtain from a Mach-Zehnder interferometer when
it is adjusted to an infinite width of the fringe.

If the first and second hologram exposureshave fringes
corresponding to the same inhomogeneity, this inhomogeneity will
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not appear on the
interferogram obtained
by reconstruction
from the hologram,

2' 5 since here only the
differences in the
optical paths which

Fig. 108. Schematic diagram of laser occurred between the
interferometer [237] (1. beam from two exposures will
laser; 2. reference beam; 3. measure- appear. This is the
ment beam; 4. measurement space; great advantage of
5. plane of image). this method, since

the errors in the opti-
cal paths which do not

change do not appear on the
final interferogram. It is /156
obvious that the configuration
of the optical equipment must
not change between the two

2 exposures.

3 4 5 Another advantage follows
directly from the basic
principle of holography.
This procedure makes it
possible to obtain from the
same hologram images of the
flow field from different
observation directions (in
accordance with the position
of the photographic plate or
camera). The data for anL . 1 analysis of three-dimensional

flow fields can be obtained
in this manner [243, 244].

Fig. 109. Schematic diagram 3.2.5. The Method of Phase

of two simple laser inter- Contrast

ferometers for holography
[244] (1 and 2. two ' In addition to suchclassical methods as thecoherent beams obtained through classical methods as the
separation by diaphragms 3 and diaphragm schlieren method and
4; i. reference beam; 2. measure- interferometric methods which
ment beam; 5. measurement have been commonly used for
space). a relatively long period inlarge aerodynamic laboratories,

another new method should also
be mentioned, which from the

standpoint of adjusting the apparatus, its substance and ef-
fectiveness, lies between the two classical methods that were
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mentioned. This method uses the phase contrast and other modi-
fications of this principle [245, 246, 247, 16].

In this method, which requires the same basic equipment as
the diaphragm schlieren method, the differences in the phases
of the rays, i.e. the phase difference'in the rays passing
through undisturbed points in the layer that is examined, and the
phases of the rays passing through invisible inhomogeneous
layers, i.e. points with a different refractive index than that
in their vicinity, are converted into amplitude differences,
i.e. for example, into changes in the illumination on the
screen. The conversion of the phase differences into differences
in the illumination (i.e. contrast) is achieved by the inter-
ference of the rays that were deflected by the inhomogeneities
in the layer that is examined with the rays that were not
deflected in the image plane of this layer. The phase differences
are converted into amplitude differences that can be well
observed by a phase plate or possibly another absorption plate
inserted at the point where the image of the source if formed.

The phase plate has two fields whose optical thickness
differs, for example, by a quarter of a wavelength. The adjust-
ment of the plate and the form of the field are such that one
field exactly covers the basic image of the light source formed
by the - beam that was not deflected, and the second
field covers the remaining images of the source, the images
formed by the beams diffracted by the inhomogeneity. This means
that the phase of the rays forming the basic image of the
source is shifted by ff/2 which corresponds to a displacement
along the trajectory equal to one-fourth of the wavelength of
the light used. The absorption plate is similar to the phase
plate, and it also has two fields. One of these, however,
does not cause a phase shift, but absorbs strongly the light
of the beam that was not deflected [16].

The interference images that are obtained provide data
about the density field of the object, since they contain
lines where the density is constant. (In this case, we have
the analogy of the Mach-Zehnder interferometer adjusted to an
infinite width of the fringe.) However, systems of fringes
can also be obtained along which a particular component of the
density gradient is constant, which is the analogy of the
diaphragm schlieren method with a grid diaphragm. Next, by /157
using clear diffraction fringes that are formed in the plane
of the image of the source when a very narrow source with a
slit is used, a system of parallel fringes can be obtained on
the screen provided the examined layer is homogeneous (similarly
as in the Mach-Zehnder interferometer adjusted to a finite
length of the fringes). The density field of the layer is
determined from the deformations of these fringes caused by the
inhomogeneities.
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The necessary equipment for the method of phase contrast
and the requirements on it are basically the same as in the
diaphragm schlieren method. However, monochromatic light is
used. Hence, the equipment is less expensive and less sensitive
and it can be adjusted and serviced more easily than the
Mach-Zehnder interferometer. The advantage is that the method
of phase contrast also records weaker inhomogeneities than those
obtained with the aid of the Mach-Zehnder interferometer,
provided these are relatively small local inhomogeneities in the
center of the undisturbed field. Another advantage compared
to the normal diaphragm schlieren method is that the evaluation
is based on length measurements in the interference image, and
not on sensitive photometric measurements. Finally, the fact
that the rays which ultimately interfere with one another are
separated directly (immediately) before the image is formed is
responsible for the fact that the accuracy of this method is
affected much less by the inhomogeneities in the surrounding
medium than in other sensitive methods used to determine the
inhomogeneities in a transparent medium. Therefore, the
acoustical or mechanical vibrations to which the Mach-Zehnder
interferometer is very sensitive, do not affect considerably
the proper functioning of the equipment. However, compared to
the Mach-Zehnder interferometer, the disadvantage of the
apparatus that was described is the lower average illumination
of the observed field which is due to the use of an absorption
plate (Fig. 110).

This method is not widely used insofar as we can base our
judgment on the single available published study on this subject,
although it can be applied very successfully because of the
advantages that were already mentioned [245]. The results that
were obtained in this study merit a deeper analysis and a
comparison with measurements on a Mach-Zehnder interferometer.

Fig. 110. Visualization of flow in a nozzle using
the method of phase contrast [245].
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3.2.6. Methods Taking Advantage of the Attenuation of the /158
Electromagnetic or Corpuscular Radiation during Passage
Through the Gas Flow

The shadow method, the diaphragm schlieren method, and
interferometric methods have by now been developed to a high
degree of perfection so that very small differences in the
density of the gas in the measurement space of the usual type can
be determined by them. However, none of these methods can be
used at low density values of the gas that is studied. This
limitation becomes clearly evident at pressures below 10 torr,
when the optical thickness of the gas layer that is studied in
a tunnel with the usual dimensions is no longer adequate for
obtaining conclusive results. However, tunnels exist in which
the static pressure of the free flow is on the order of 10-1 torr.
New methods were developed for measurements under these condi-
tions. In addition to the methods that take advantage of
luminescence (see p. 56) these methods are mainly based on the
attenuation of the radiation passing through the gas flow that
is examined caused by the effect of absorption or possibly
dispersion. The following are used:

-- absorption of ultraviolet radiationoby oxygen (for
wavelengths in the range 1400-1500 A,

-- absorption of ultraviolet radiation by ozone (at
wavelength 2537 A),

-- attenuation of soft X-rays,
-- attenuation of corpuscular rays (electrons, protons,

a particles, potassium atoms).

The attenuation of the radiation during the passage through
the measurement space can be described by the well-known relation

J(x) = J, exp - J o(x) dz], (90)

where J(x) is the intensity of the rays after they have covered
the path x in the layer that is examined, JO is the original
intensity of the rays when they enter the layer that is examined
(at the point x = 0), p(x) is the density of the gas examined
which is a function of x, since generally it varies along the
ray, and p is the attenuation factor which depends on the type
of gas, but is independent of the density of the gas and does
not change along the ray, i.e. is independent of x.

Using the methods that were presented, the flow field can
be analyzed, i.e. the changes in the density p caused by the
flow. The basic data about these methods are presented in the
following table [248].
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Type of radiation Ultraviolet Ultraviolet X-ray Electron
used radiation radiation radiation beams

Properties of the A = 1470 A A = 2437 X o Energy from
radiation (A = resonance resonance A , 10 A 4 keV to
= wavelength line Xe line Hg 60 keV

Type of gas
examined of gas Only 02 Only 03 Any Any

Attenuation fac- 2.5.10 1.7.10 79 10 5
tor in m2 /kg

Density of un-
disturbed flow 7.710-  1.2.10-  2.5"10-1 2.10-4
in kg/m 3  2*10-

P0
Static pressure
in measurement 0.46 0.7 150 1.2-0.12
space in torr

Fig. 11 gives the schematic diagram of the equipment for
the method taking advantage of the absorption of ultraviolet
radiation by oxygen. For example, the image of a shock wave in
oxygen in front of the apex of a cone with a 900 apex angle
at a Mach number approximately 3.9 was obtained with the aid of
this equipment. The diameter of the field that is studied
in the measurement space was 3 cm. The source of ultraviolet
radiation that was used was an oil-cooled xenon discharge tube
with a calcium difluoride window. A pressure below 10-4 torr must /159
be maintained in the entire optical equipment. Although the
shock wave can be seen on the photograph obtained with the aid
of this equipment, it is not possible to obtain conclusive
quantitative results by aphotographic analysis because of the
nonuniformity of the photographic material. These results can
be obtained during the study of the measurement space by a
narrow pencil of rays from point to point with the aid of a
photocell as long as it is possible to maintain a stationary
flow during the measurement period [250].

The attenuation of X-rays during the passage through the
measurement space was first used to measure the flow field point
by point with the aid of a narrow pencil of X-rays with a
0.05 mm diameter. An attempt has also been made to obtain a
photograph of the entire flow; however, here basic difficulties
arise and for the time being the results are meaningless. This
is due to the fact that the photographic film in comparison with
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chambers and counters is relatively insensitive to X-rays. Since
the attainable intensity of the soft rays which are suitable
for this method is small, the required phtographic time is
large, on the order of 1 min.

The basic scheme for the method which takes advantage of
the attenuation of soft X-rays is simple. The X-ray tube and
the intensity reader (detector) of the X-rays, hence, for
example, an ionization chamber or a Geiger-Muller counter are
placed opposite to one another at opposite sides of the measurement
space of the wind : tunnel. They are positioned so that /160
they can be jointly moved across and around the measurement part
of the tunnel. However, they can also be placed in a fixed
position and the model can be moved in the tunnel. The emission
from the X-ray tube must be high and the anode must have a
small surface [248, 252].

The attenuation of electron beams during the passage
through the measurement space was used to measure the measurement
space first so that the measurements were made from point to
point. The density changes in the flow field were determined
on the basis of the intensity of the beam current of theelectron beams that passed through that were measured, for
example, with the aid of an electrometer or photomultiplier.

A numerical comparison of the discrimination boundaries
of the interferometric method and the method using the
attenuation of electron beams will demonstrate best the ad-
vantage of the second method during the study of gas flows
at low pressures. We will start out with equation (90) and
assume a constant density p = const along the ray. Since palso does not vary, as already mentioned, along the ray, we
obtain from equation (90), the relation

J = Jo exp (-/Ol),
(91)

where I is the thickness of the layer that is examined. If
we carry out, for the same initial energy of the electronsand the same initial intensity Jo of the electron beam,
two measurements during which we measured the intensity Jl
of the electron beam after passage through the point with
density pl, and the intensity J2 of the same beam after pas-
sage through the point with density P2, we obtain, for the
difference Ap = pl - p2 of these two densities from the
previous equation, the relation

1 J9  (92)
Y1l J1
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SA from which we can clearly/l61
v K, 7  write from small changes

AJ

2 '4Ni4 /, -A2  (93)

Finally, after in-
!/ troducing in this

relation the
so-called linear
attenuation
coefficient aFig. 111. Schematic diagram of equip- defined by the relation

ment for the visualization method
a = up, we obtain:taking advantage of the absorption of

ultraviolet radiation by oxygen [250]
(1. source of ultraviolet radiation; A I
2. monochromator; 3. nozzle; 4. measure- (94)ment space; 5. plane of image). ( xl J

We will assume for
the numerical compari-

son that the thickness of the layer that ii examined is
1 = 6 cm, its density is p = 4.7.10-3 kg/m , which corresponds,
in the case of air, to a pressure of 3 torr at a temperature of
250 C, an initial energy of the electrons of 5 keV and an
attenuation factor a = 0.9 cm-1 . Given the high sensitivity
of modern instruments for the measurement of electrical current,
current intensities on the order of 10-9 A can be measured
well with a 1% accuracy. Hence, we will determine AJ/J with
such accuracy. From equation (94) it follows that 0.2%
changes in the density qan be measured well, so that in our
case Ap = 9.4-10-6 kg/m , which corresponds to a difference
in the pressures of 0.006 torr.

When we use the interferometer, we will distinguish the
shift of interference fringes which is 1/10 of the width of
the fringe. This shift is caused by a change in the optical
path of one of the interfering beams by 1/10 of the wavelength
X of the light that is used, to which corresponds the difference
An = 0.11/Z in the refractive indices. Now, using equation (47)
and letting the constant in it be KO = 2.26.10-4 kg-lm 3 which
we calculated for air in the lines following equation (47), we
find that the difference Ap in the density which is equal to

-l 0,
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corresponds to the difference An in the refractive indices that
was given. If we also take into consideration that green
light at wavelength X = 5-10-5 cm was used and let, as in the
preceding paragra h, 1 = 6 cm, we find that densities greater
than Ap = 3.6.10- kg/m3 can be measured interferometrically.
Hence, the method which takes advantage of the attenuation of
electron beams is more sensitive by two orders of magnitude
than the interferometric method in the case under consideration.

A further substantial increase in the sensitivity of the
method taking advantage of the attenuation of electron beams
cannot be achieved sufficiently well by increasing the factor
at in equation (94), since the intensity of the measured
electron beam would drop sharply and could not be measured so
accurately. This difficulty cannot be eliminated by increasing
the input intensity of the beam current, since at higher /162
values of the input intensity of the beam current, the gas is
heated, Article [253] states that for an electron probe the
heating is negligible at an input intensity of the beam cur-
rent less than 10-7 A.

The equipment for the method which takes advantage of the
attenuation of electron beams consists of the source of the
narrow electron beam and the detector. Diaphragms are placed
in front of the detector which prevent the impinging of
electrons that were deflected from their original direction.
The entire equipment can be placed inside the measurement space
[247] where it must be shifted and turned, or the walls of the
measurement space must have appropriate windows. Another. method
was used to record the behavior of the density across a shock
wave in the gas flow in a shock tube at a low pressure (0.5 torr)
when neither the interferometric method nor the X-ray method
could be used [254]. The windows in the shock tube had
openings with a 10-15 pm diameter in a platinum foil which was
25 lm thick. The source of the electrons was mounted on a
spherical suspension whose center of rotation was in the inlet
window, which made it possible to adjust correctly the direction
of the electron beam. Other types of corpuscular radiation can
be handled similarly.

The disadvantage of the method that was described which takes ad-
vantage of the attenuation of the electron beam is that
it does not furnish simultaneously the entire image of the flow
field. However, since, in comparison with the method taking
advantage of the absorption of X-rays the reaction time of the
detector is much shorter (on the order of several microseconds)
the image of the entire flow field can conceivably be obtained
with the aid of a special cathode ray tube.

However, in an attempt to obtain on the fluorescent screen
simultaneously the electron shadow image of the entire flow
field, experiments were also made with a bundle of diverging
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electron beams with a larger cross-sectional area of the bundle
[254]. When a bundle of parallel electron beams enters a gas,
the electrons are deflected from the original direction of
motion as a result of diffusion and the bundle widens,
acquiring the shape of a spindle,until it occupies roughly a
spherical space whose diameter is approximately equal to the
range of the electron. The air in the region which the
electrons enter has a bluish-violet glow.

The schematic diagram of the equipment that was used in
[254] to obtain the electron shadow image of the flow is given
in Fig. 112. It consists of an air-tight chamber sealed at
one end with a glass window through which the screen is observed
or photographed from the outside. The gas flow which is
studied enters into the chamber from the sides through a nozzle.
The required vacuum is maintained in the chamber with the aid of
a vacuum pump which is connected to the neck at the side
of the chamber. The source of the electron beams, the electron
gun, is inside the chamber. The transparent fluorescent
screen on which the bundle of impinging electrons forms a
circular luminous trace is placed at the distance so from the
gun perpendicularly to the axis of the electron beam. When the
input energy of the electrons is in the range 3-25 keV, and the
pressure in the chamber in the range 1-20 torr, at a distance
sO = 65 mm the part of the luminous circular trace at any /163
point of which the luminance can be considered to be the same,
has roughly a 20 mm diameter. However, beyond this diameter,
the luminance of the trace is reduced considerably. Nevertheless,
shadow images can be observed under the conditions that were
described even when the diameter of the trace is 40 mm. During
visual observation, this attenuation of the luminance of the
periphery of the field of View does not cause great difficulties.
However, it makes the photography more difficult, since the
ratio of the luminance on the periphery of the trace to the
luminance at the center of the trace is about 1:10. This
shortcoming can be eliminated by using an absorption equalizing
filter. It can be obtained by photographing the luminous trace
on the screen on a photographic plate on a 1:1 scale when the
gas whose flow is to be studied does not enter the chamber. The
energy of the electrons and the pressure inside the chamber
are adjusted to values at which the gas flow will be studied
later. The negative is then used as the base to which a
fluorescent layer is applied. A transparent fluorescent
screen is obtained in this way which must be inserted in the
chamber instead of the screen without the filter.

A field of view with larger dimensions can be obtained by
using a magnetic lens which expands the originally narrow
beam. From the published photographs of the shadow
electron image of an airflow from a cylindrical nozzle with a
1 mm diamter into a chamber in which the pressure was 3.2 torr
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(the pressure drop on the nozzle
was 600 torr) produced by an

4 5 electron beam with an initial
energy of 7.5 keV [254], it can
be seen that sufficiently
clear images cannot be obtained
by this method. Due to this and
also due to the entire character
of the method, the assertion of

Fig. 112. Schematic dia- the author of the method that
gram of equipment used quantitative data about the flow
to obtain the electron field can be obtained with its aid

shadow image of the should be accepted with certain
flow [245] (1. source reservations. The acquisition of
of electrons; 2. nozzle; quantitative data would naturally
3. connection for pump; require calibration equipment, i.e.
4. fluorescent screen; it would require that the relations

5. glass window). between the luminance of the
trace on the screen, the pressure
and the density of the gas layer
in the chamber, the thickness of
this layer and the deflection of the
electron beams from the original
direction be determined.
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Conclusion

From the survey of the methods that was presented, it follows /164
that the visualization possibilities are far-ranging and that
they can be used on a very wide scale. The significance of
visualization was already discussed in the introduction. The
great number of methods used until now makes it possible to
visualize almost any case of flow. Thus, for example, airflow
can be visualized from the lowest velocities up to the highest
supersonic velocities, by using smoke up to velocities of
30 m/sec, aluminum powder up to velocities of 90 m/sec, and
with the aid of interferometric methods, or possibly diaphragm
schlieren methods starting with velocities of 60 m/sec, and,
finally,for high subsonic and supersonic flows, with the aid of
the shadow method. Images of the flow at very low pressures
(fractions of a torr) can be obtained, for example, by taking
advantage of luminescence exactly like images of the flow of
highly viscous fluids by taking advantage of temporary birefringence.

With regard to the cost of the individual methods, the
conclusion can be made, on the basis of the survey, that the
requirement to obtain quantitative values entails greater
expenditures on the equipment. Certain methods in group 3
(the interferometric method and the diaphragm schlieren method)
require the most expensive equipment. Further development
of methods in this group should be expected in conjunction with
the use of laser light sources.

The majority of the methods that were described have already
been used many times and in many cases the equipment required
for their use has been thoroughly elaborated. On the other
hand, very little is known about other newer methods. These
are mainly luminescence methods (see p. 56), the temporary
birefringence (see p. 75), and the phase contrast methods
(see p. 158). For the time being, these methods have not been
analyzed and worked out thoroughly, and thus cannot be used on
a wider scale.
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